l^THODS AND APPARATUS FOR MEASURING NOx GAS CONCENTRATION, 
FOR DETCCTING EXHAUST GAS CONCENTRATION AND FOR 
CALIBRATING AND CONTROLLING GAS SENSOR 



Technical Reld of the Invention 

This invention relates lo a gas sensor and, naore particularly, lo a KOx gas sensor 
and a method and apparatus therefor, used for detecting the NOx gas conceotratioa in 
exhaust gases of an int^nal combustion engine intended for industrial use and for driving 
an automobile^ vessel or airorafi, or in combustion gases of a boiler or the like. 

This invention also relates to a method and apparatus for measuring the 
composition of exhaust gases of a comboston device or an internal combustioa engine, in 
particular the NOx gas concentration. 

This invention also relates lo a method and apparatus for conuoUitig a NOx gas 
sensor used for measuring the NOx gas concentration ia an ambient atmosphere in which 
the OT^gen concentration in a measurement gas is dianged acutely. 

This invention also relates to a method and apparatus for detecting the e^ust gas 
concentration for measuring the concentration of haim&l gas conoponeots contained ia the 
exhaust gas from the internal combustion engine and, more patticalarly, to a method and 
apparatus for calibrating the Teto point of an output of the NOx gas sensor. 

Related AH 

Recently, in dealing with an intensification of ejdiausi gas regulations, research has 
httm consiruacd into controlling the operatfom of an engine or the catalyst based on direct 
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measuremeat of the NOx in e.g., engine exhaust gases. Th£ resulting NOx gas sensor, 
which uses an oxygen ion conductor, such as ZrOj, causes the raeasurement gas (detection 
gas) to be introduced into a &st measurement chamber and a first oxygen ion pumping cell 
in the first measurement chamber pumps oxygen out, to an extent such as not to decompose 
NOx at all. Hien, the gas lowered in oxygen conceatralion is introduced into a second 
measuremcnl chamber where oxygen is further pumped out by a second oxygen ion 
pumping cell to cause NOx from the NOx-gas contained in the remaining gas to be 
decomposed. This <tecomposition is sensed as an electric current [n such NOx gas sensor, 
the NOx gas concentration is delated based on the current flowing aooss a pair o£ 
electrodes provided in the second oxygen ion pumping cclL 

la geoeral, a pair of electrodes are arranged on both sides of the oxygen ion 
conductor in sudi sensor. One of the electro<tes is exposed to the atmosphere in the first 
measurement chamber, while the other electrode is exposed to a re&rence atmosphere 
containing oxygecu The electrical voltage applied across the first oxygen ion pumping cell 
is varied, based on an output of an oxygen partial pressure deiectbn cell adapted for 
measuring the oxygen conc^itratlon in the first measurement chamber, in order to control 
the oxygen concentration in the first measur«nent chamber to a constant value. 

SUMMARY OF THE DISCLOSURE 

However, various problems have been encountered in the course of investigations - 
U)waxd the present Invaxiion. 

First, the output gain of the NOx gas sensor varies depeoding on the oxygen 
concentratbn upon measuring the NOx gas concentration, which results in an error in the 
NOx gas ooncentrationL measurement. 



The present inveators have fortber found that, if the oxygen concenlratikin in the 
measurement gas is varied sigaificantly, delay is caused in voltage control for the first 
oxygen ion pumping cell, thereby making it difficult to measure the NOx gas concentration 
correctly. In particular, in lean bum engines using gasoline or a diesel fiiel, which recently 
are used in increasing numbers, the oxygen concentration in the exhaust gas is varied 
significantly under the driving conditions. Thus, if the PID control is performed based on 
the potential of an oxygen partial pressure detection eel], it is difficult to correctly measure 
the NOx concentration in the esdmist gas if only the method of varying and controlling the 
pump capability of the Srst oxygen bn pumping ccU is used. 

tn the above-described current limiting type sensor, one problem is that the 
detection current flowing in the oxygen ion pumping cell is as small as several piA. 
Moreover, since decomposition of harmfiil gas components (such as NOx) is controlled or 
suppressed by the catalytic action on the electrode surface, another problem is that, on 
prolonged use, catalytic activity is changed causing a shift in the zero point (ie., a detection 
output of the gas sensor spwafying that the concentration of the pre-set conq)oncnl is 
substantially 2cro). 

On the other hand, in an oxide semiconductor type gas sensor, which is based on 
the principle that changes in electrical resistance of an 05dde semiconductor b proportional 
to the amount of a prc-sei gas component adsorbed on the oxide semiconductor, suffers 
from poor reproducibility. Further, if moisture in the measurement gas is clecirolyaed, 
causing it to be decomposed or dissocjlatcd, then in the second oxygen ion piunping cell, a 
current will flow due to oxygen yielded on electrolysis not only of NOx but also of 
moisture, resulting in an inconrect measurement of the NfOx concentration. Moreover, in a 



lean bum cn|^e u&'ing ^^soHoe or a diesel Kiel, (he moisture m tbe exhaust gas is varied 
significantly under driving conditions. Consequently, it is difficult to make a correct 
measuremcitt of the NOx concentration in the exhaust gases. 

Thus, none of these types of gas sensor is reliably used as a sensor for a prolonged 
time and under significantly varying environmental conditions, as in the case of a sensor 
mounted on an interna] combustion engine, in particular the sensor mounted on an exhaust 
gas system of a vehicle. 

It is therefore an object of the present invention to provide a method and apparatus 
for accurately measuring NOx gas concentration in engine exhaust. 

It is also an object of Cba present invention to provide a method and apparatus for 
coDtroUing the NOx gus sensor which, enables the NOx gas coaceniration to be measured 
accurately even if the oxygen partial pressure in the measurement gas is changed. 

It is also an object of the present invention to provide a method and apparatus ibt 
measurii^ an eidiaust ga» conoauration for a probnged time and, in particular, a method 
and apparatus which enables calibrating a zero point of the detection output of an NOx gas 
sensor. 

It is a £irther object oC the present invention to provide a method and apparatus JGor 
calibrating a gas sensor in which the effect oCthe amount of moisture in the measurement 
gas on detection of the gas concentration is reduced or ehminated, in order to enable a 
correa measurement of gas concentration values. 

Still fiuther objects of the present invention will become appareot in the entire 
disclosure. 
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According to the present invention one or more of the foregoing objects are 
achieved by several different features of the invention, based on one or more aspects of 
each feature as disclosed and claimed herein. 

According to a first feature of the present invention, there is provided a 
measurement method and apparatus for measuring the NOx gas concentration in which the 
NOx gas concentration obtained as a NOx gas sensor output is corrected in response to the 
oxygen concentration in the detection gas (measurement gas). This is based on a 
correspondence between the gas sensor output and a current caused to flow by punning out 
oxygen dissociated on decomposition of NOx. 

An NOx gas sensor according to this first feature includes a first measurement 
chamber into which a detection gas is introduced via a first di65ision resistance, an oxygen 
concentration deteaion electrode for measurbg the oxygen concentration in the detection 
gas in the first mea:n]reraeDt chamber, and a first oxygen ion ptimp cell for pumping 
oxygen contained in the detection gas out from the first measurement chamber to the 
oxitside and/or inside of the first measurement chamber based on the potential of an oxygen 
concentration detection electrode. The pumping is generally to an extent such that NOx is 
not entirely decomposed, or in some ease to an extent such that nitrogen oxide does not 
decompose into oxyg/aa. in the measurement gas. There also is a second measurement 
cl\an^er mto which the gas is introduced &om the first measurem^t chamber via a second 
diffiision resistance, and a second oxygen Ion pump cell having a pair of electrodes across 
which a voltage is applied to decompose the oxygen nitride in the second measurement 
chamber. The dissociated oxygen is pumped out, causkig a current correspondiog to the 

I 



5 



nitrogen oadde coscentratioa (second oxygen pucnp current) to flow in the second oscygen 
ion pump cell 

According to an aspect of the first feature of the present invention, the NOx gas 
concentr^ion can be found more correctly by a simple method even if the oxygen 
concentration in the detectfon gas does vary. Since the output of the oxygen concentration 
detection electrode has a specific relation with the oxygen concentration in the detection 
gas, both the oxygen concentration and the NOx gas concentration can be measured by a 
single NOx gas sensor, so that the NOx gas concentration, based on the oxygen 
concentration in the detection gas can be corrected using the sole sensor. Thus, the NOx 
gas concentration measurement apparatus according to the present invention can be applied 
to the e^diaust system of the internal combixstion engine in order to find the air-to-fiicl ratio 
along with the NOx gas concentration, thus allowing a sole instrument to display multiple 
fonctions. The coefficient of the second oxygen pump current exhfljitlng oxygen 
concentration dependency, used for finding the NOx gas concentration, can easily be 
calculated preferably using the least square mtfihod. Thus, by prc-formulating a table 
correlating a coefiScient with the oxygen concentration, the NOx gas concentration can be 
obtained coiiealy in real-time. If this method is applied to the NOx detection system for 
an internal combustion engine, it becomes possible to construct a highly flexible 
combustion control system that can adapt ftsclf to changes in the oxygen concentration and 
in the KOx gas concentration. 

In a second aspect of the first feature of the present invention, the variation (varying 
amount) of the NOx gas concentration is a &inction of the variation (varying amount) of the 
second oxygen pun^ current. The coefficient of the variation of the second oxygen pump 



current m th& function ('gain') is varied in response to the oxygen concentration in the 
detection gas in order to find the NOx gas concentration. 

In a third aspect, the gain as a coefficient of the variation (varying amount) of the 
second oxygen pump current is a fiinction of the oxygen concentration in the detection gas. 
A detection gas having a known oxygen concentration and NOx gas concentration is pre- 
charged into a sensor to measure the second oxygen pump current. Using values of the 
NOx gas concentration and the second oxygen pump current, the variation of the second 
oxygen pump current to fhe variation of the NOx &s concentration at a predetermined 
03^gen concentration is found. e.g., by the least square method. Using the gain value at the 
prtdctcimined oxygen concentration, the coefficient of the oxygen concentration as a 
function of the oxygen concentration in ihe detection gas and the gain is found, e.g., by the 
least square method. 

In a fourth aspect, the gain is represented as a fonction of the oxygon concentration 
in the detection gas. A detection gas having a known oxygen concentration and a known 
NOx gas coiKxntration is pre-charged to measure the second oxygen pump curreru. Using 
the nitrogen oxide concentration and the second oxygen pump current, the variation of the 
second oxygen pump current to the variation of the NOx gas concentration ('gain at a pre- 
set oxygen concentratfon*) is found, e.g., by the least square method The gain at the pre- 
set oxygen concentration is selected and used d(^cnding on the oxygen concentration in the 
detection gas. *Noie variaiion of NOx gas concentration divided by variation of the second 
oxygen current is dcBned as "gain" in this disclosure. 

In a fifth aspect, the gain is represented in terms of a logiuithm fimctton of the 
oxygen partial pressure in the detection gas. Preferably, a value of the oxygen partial 



pressure is used as the oxygen concentration in third aspect of the first feature of the 
invention. 

In a sixth aspect, values of the second oxygen pump current fijr substantbiUy zero 
HOx gas concentration and Ec)r a pre-sct NOx concentration, obtained while varying the 
oxygen concentration in the detection gas, are measured. Tiie gsun at the pre-set o>ygen 
concentration and the second oxygen pump current for the substantially zero NOx gas 
concentration for the pro-set oxygen concentration (hereinafter referred to as 'oBEsci at the 
pre-set oxygen concentration') are measured From the gain and the ofiEset coir^ponding 
to the oxygen conccntraim in the detection gas and the second oxygen pump current, the 
NOx gas concentration is found. 

In a seventh aspect, the NOx gas concenlratioti obtained based on the second 
oxygen pump current is oonected based on an output of the oxygen concentration detection 
electrode that is changed with the oxygen concentration in the detertion gas. 

In an eighth aspect, the variation (varying amount) of the NOx gas concentration is 
a fonction of the variation (varying amount) of the second oxygen pump current. There is 
provided gain selection means selecting the coefiScient of the variation of the second 
oxygen pump current Qiereinafter referred to as 'gam') in this ^mction responsive to the 
output of the oxygen concentration detection electrode. There is also provided processing 
means calculaiing the NOx gas conccntraiion based on the gain selected by the gain 
selection means based on the second oxygen pump current. The gain selection means can 
selectively use the coefiScient of the gain as determined by .e.g., the least sqxiarc method 
and the oxygen oonccniraiion in the detection gas depending on an output of the oxygen 
concentration d^ection electrode. Alternatively, a previously found gain at a pre-set 



oxygen concentration can be selected depending on the output of the oxygen concentration 
detection electrode. Preferably, the gain selection means and the processing means may be 
constructed in a micro-computer cormccted to a nitrogen oxide concentration sensor. 

Detection of the oxygen concentration can be based on the outpul of Ihc oxygen 
concentration detection electrode means directly or indirectly detecting the 03cygen 
concentration or the current or the voltage representing the oxygen concentration. 
Preferably, the ojQ^cn concentration is detected based on the potential of the oxygen 
concentration detection electrode. Alternatively, the oxygen concentration is detecuid 
based on a voltage applied across the 0ret oxygen Ion pump ceH coniroUtd based on the 
output (potential) of the oxygen concentration detection electrode, and the first oxygen 
pump current flowing in the 0r$t ojcygen ion pump cell. Thus, the gain of the nitrogen 
oxide concentration can be corrected based prefers^ly on the voltage applied across the 
first oxygen ion pump cell and the first ojqrgcn pump current. 

Next, the aspects of the second feature of the present invention is hereinafter briefly 
explained. The aspects of the second feature is applicable with advantage to the NOx gas 
sensor to which the aspects of the first feature is applied with advantage. In the aspects of 
the second feature, the method for measuring the NOx gas concentration is comprised of 
several elements. That is, in a first aspect, if the oxygen partial pressure ^ncentraiion) is 
changed, the detection output of the NOx gas ooncenlratiori based on the second oxygen 
Ion pump cuircot is corrected in accordance with the change. 

fn this first aspect oC the second feature, the NOx gas concentration can be 
measured accurately even if the oxygen concentration in the measurement gas would vary 
acutely. That is, even in an atmosphere in which the oxygen concentration varies 



significanily, the NOx gas concentration can be found conectly in real-time \withoui controj 
delay. By applying Ihc control method of the aspects of the second feature to the nitrogen 
oxide detection system for an internal combustion engine, it becomes possible to construct 
a combustion control system which can adapt itself flexibly to changes in the oxfgea 
concentration and in NOx gas concentration. The control device can be constructed both 
by software and by hardware. 

In a second aspect, there is provided an 05iygen partial pressure detection cell 
having an oxygen partial pressure detection electrode for det«:ting the oxygen partial 
pressure in the first measurement chamber. A detection output of the NOx gas 
concentration is corrected based on an culpul of the oxygwi partial prcs$ure detection ccU. 

In a third aspect, the voltage applied, to the first oxygen ion pumping cell is 
controlled based on an output of the oxygen partial pressure detection c»ll. The detection 
output of the NOx gas concentration is calibrated based on the vaifetion (varying amount) 
of the current flovong in the first oxygen ion pumps^ cell (referred to hereinafier as 'j&rst 
oxygen ion pump current'). 

In a fourth aspect, the voltage applied across the second ojiygen ion pumping cell is 
controlled responsive to variations in the oxygen partial pressure in the measuremeru gas. 

In a fifth aspect, if the oxygen partial pressure is low, the voltage applied across the 
second oxygen ion pumping cell is lowered. If the oxygen partial pressure is high, the 
voltage applied across ihe second oxygen ion pumping cell is raised 

la a sixth aspect, there is provided an oxygen partial pressure detection cell for 
detecting the oxygen partial pressure in the first irwasuremcni chamber or in the second 
measurement chamber. with the output of the oxygen partial pressure detection cell and 
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the output of the second oxygen ion pumping cell as inputs, the output of the oxygen paxtiaJ 
pressure detection cell is changed, a NOx gas conceatration deteclioo output based on the 
second ojjygen ion pump current is corrected. 

In a seventh aspect, there is provided an oxygen partial pressure controller for 
controlling Ihc first oxygen ion pump current so that the output of the oxygen partial 
pressure detection cell will be constant. There is also provided a memory having the pre- 
stored relation between the variation of the output of the oxygen partial pressure detection 
cell and the oJBE$et of the second oxygen ion pump current. Responsive to the variatk)n tn 
the output of the oxygen partial pressure detection ccU, pre-sel data is read out firom the 
memory. Based on the read-out data, the value of the ofiser of the second oxygen ion 
pump cuiTcnt is varied to correct the NOx gas concentration detection oulpul- 

The princ^lcs of a third feature of the present invention are identified with rcspccl 
to the several aspects of this feature of the present inventioa SpedQcaily, the method for 
measuring the NOx gas concentration includes the following points: That is, in a first 
aspect of the third feature of the present invwition, the zero-point of the detection output of 
the gas sensor, indicating the zero concentration of a q>ecific component, is calibrated 
based on the detected output of the gas sensor in atmosphere. The concentration of the 
specific component is detected based on the cabbraied detection output. 

In this, first aspect of the third feature of the present invention, the gas sensor is 
calibrated under a driving condition, among driving conditions of an internal combustion 
engine, in which the concentratbn of the component being detected is known or can be 
estimated to cancel the shift of the gas sensor detection output after prt>longed use for 
assuring high precision detection of the concentration of the component imder detection. 
I 
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The gas sensors ca^>able of measuring the oxygen concenlralion include a HC sensor and a 
CO sensor in addition lo ibc NOx sensor. In a sensor capable of measuring the OKygcn 
concentration, it is possible to correct the sensitivity for the oxygen concentration by 
exploiting the feet thai the oxygen concentration is not zero on fixel cutting but an 
atmospheric gas with an oxygen concentration of 20.9% is introduced Also, since this 
calibration can be executed during fdei cutting or during the *rich' time in the air-to-friel 
(A/E) ratio, it is unnecessary to set special operating conditions for executing the 
calibrattoa la particular, this calibration method is applied to a NOx gas sensor to enable 
correct measurement of the NOx gas concentration of the ppm order for prolonged time. 
Also there Is a mode In which, if a NOx sensor for detecting the NOx concentration In the 
gas discharged &om the internal conoibustion engine is provided downstream of the NOx 
occlusion type catalyst, the air-to-fucl ratio of a (fuel tich r<^ion can be set for reducing the 
occluded NOx. IWs mode can be exploited to execute the above-mentioned calibration as 
well as to detect the state of deterioratwn of the NOx occlusion type catalyst. Further, the 
stale of deterioration of the NOx detectm reduction type catalyst, arranged in an exliaust 
duct of the ^tem onploying a diescl engine for which the rich air-to>{aeI ratio cannot be 
set, caa also be detected. 

In a second aspect of the third feature of the present invention, the supply of fiiel to 
the internal combustion engine is cut to set the concentration of the specific con^nent in 
the gas introduced into the gas sensor as to be a level substantially equal to zero or to the 
atmosphere. Based on tlic detection output of the gas sensor on cutting the fuel supply, the 
ZC30 point of the detection output of the gas sensor indicating the ^ero concentratioo of the 
Specific component is calibrated. 
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In a third aspect, the rich air-to-fuel ratio of the internal combustion engine is set m 
a fuel rich side to reduce the specific component in the exhaust gas and to set the 
concentration of the specific component to be a level substantially equal lo zero or to the 
atmosphere. The detection output is calibrated base on this level 

In a fourth aspect, the internal combustion engine is driven under a conditbn in 
which the concentration of the specific component in the gas discharged &om the internal 
combustion engine can be estimated or is knowa The detection output of the gas sensor is 
calibrated based on the detection output of the gas s^osor under this opeiating condition. 

In a 6fth aspect, there is provided a gas sensor for detecting the concentration of a 
component of interest in the gas discharged &om the internal combustion engine. There is 
also provided calibration means for calibrating the detection output of the ga3 sensor based 
on the detection ou^>ut of the gas sensor under the operating conditions as set by driving 
condition setting means. 

In a sixth aspect, there is provided a NOx occlusion type catalyst in an exhaust duct 
of the internal combustion engine. There is also provided driving condition setting means 
for transiently setting the air-to-fiiel ratio to be a fuel-rich side atmosphere for cleaning 
NOx occluded in the NOx occlusion rype catalyst Hiere & also provided means for 
detecting the state of deterioration of the NOx occlusion type catalyst based on changes in 
the detection output of the NOx gas sensor bctibrc and after introducing the fuel-rich 
atmosphere. 

In a seventh aspect, there is provided a NOx selective reduction type catalyst 
arranged in an exhaust duct of an internal combusiion engine. There is provided a NOx 
sensor mounted on a downstream side of the NOx selection reduction type catalyst tor 
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detecting the NOx concentration in the exhausi gas. There h also provided means for 
adding HC to the exhaust gas in the internal combustion engine. There is also provided 
means for detijcting the 'slate of dctcrioratkin of the NOx selective reduction type catalyst 
based on changes la the detection output of the NOx sensor before and after HC additbn. 

In the e:Khau$l gas concentration detection apparatus in an eighth aspect, there is 
provided a gas sensor for detecting the concentration of a pce-set component in the gas 
dischaiged from the internal asmbustion engine. There is provided driving condition 
setting means for setting the driving conditbn of the internal combustion engine in which 
the concentratKtn of a corcqponent of interest is loiown or can be estimated. There is also 
provided calibration means for calibraiing the gas sensor detection output based on the gas 
seDS<)r detcciioa output under pre-sct driving conditions. 

In a nitUh aspect, there is foovided a NOx occhision type catalyst arranged in the 
erfiaust duct of the internal combustion engine. There ts also provided a NOx sen.sor 
mounted downstream of the NOx occlusion type catalyst in the exhaust duct. There is also 
provided driving condition setting means for transiently setting the rich air-to-fiicl ratio 
atmosphere for deaning NOx occluded in the NOx occlusion type catalyst. There is also 
provided laeans for tfctecting the state of deterioration of the NOx occlusion type catalya. 
based on changes in the NOx sensor detection output before and after setting the rich 
atmosphere 

In a t^h aspect, there is provided a NOx selective reduction type catalyst In the 
exhaust duct of the internal combustion engine. There is provided a NOx sensor 
downstream of thfe NOx seleclion reduction type catalyst in the cxhaxist duct. There is 

provided means for adding HC into the exhaust gas of the internal combustion engine. 
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There is also provided means for detectmg the state of deierioralion of the NOx selection 
reduction type catalyst based on changes in the detection output of the NOx sensor before 
and after addition of HC 

According to aspects of a fourth feature of the present invention, there are certain 
occasions where the moisture provides more than a negligible influence on the sensor 
output. 

Ijq an engine, there is correlation between the excess air ratio or A/F value (=oxygcn 
concentration in the «xiiaust gases) and the amount o£ the moisture in the exhaust gases, 
depending on the £iel used. The present inventors have found that, by pre-measuring the 
effect a influence of the moisture on the gas concentraiton detected by the gas sensor, 
storing the measured effect as a map ui a memory as the relation between the excess air 
ratio or the A/F value, as an example, and correction data of concentration detected by the 
gas sensor, reading out prc-sct correction data ftom the map during measurement 
dq)ending on the excess air ratio or A/F value as detemiincd by the driving conditions, and 
by correcting the detection output signal of the gas sensor based on the read-out presumed 
amount of the moisture, the concentration of specific gas (such as NOx gas concentration) 
in the ^diaust gases can be obtained accurately. 

The present inventors have also found that, in the gas sensor of the type employing 
two sets of oxygen ion pump cells, the oxygen conceatratbn in the exhaust gases can be 
measured from the electric current value of the jgrst oxygen ion pump cell, and this oxygen 
conceatratton has correlation vdth the amount of moisture in the exhaust gas, so thai, by 
prc-cnlcring a correction coefficient associated with the electric current value flowing in 
the first oxygen ion pump cell in a memory, preparing a map correlating the electric current 
1 
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value with the correctioa coeCScient, and by f eading out a specific correction coefScient in 
the map responsive to the electric current value of the first oxygen ion pump eel) during gas 
coticentratfon measurement to conect the electric current value of the second oxygen k>a 
puEc^ ceU, correct gas concentration measurement free from the effect of raoistxire may be 
realized. The present inventors have also found that the output agnal of the first oxygen 
ton pump cell can be electrically corrected on an analog circuit without having a ma^ on 
the memory. 

According to the several aspects of the fourth feature of the present invention, the 
gas sensor correctbg method and app^aius is b^cd on an estimate of tlie amount of the 
moisture in the odiaust gas based on £rom the eogbc operating conditions. The gas 
conceotration detection signal outputted by the gas sensor is corrected depending on the 
estimated amount of the moisture. From the detected value of the gas corwentration. the 
eSfect of the amount of moisture in the measurement gas is removed or reduced. 

In a first aspect of the fourth feature of the present invention, the effect of the 
amount of the moisture in the detection (measurement) gas on the detection of the gas 
concentration may be diminished or removed to give an acoirate gas concentration value. 
In meastuing the concentration of a specified gas component in the ekhaust gas discharged 
from an internal combtistion engine, the amount of the moKture can be estimated from the 
engine operating conditions. In a gas sensor having two sets of oxygen ion pump cells, the 
araouni of Ibc roolsiurc can t>e estimated ficora the etectric current values flowing in the first 
oxygen ion pump current to enable output correction of the gas sensor responsrve to the 
amount oC the moisture in the exhaust gas by a relatwely simple system. Moreover, by 
formulating the relation between the amount of the moisture or a value equivalent thereto 
I 
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and ihe gas sensor output in a map, reference can be made to this map responsive to the 
signal corresponding to the amount of the moisture or a value equivalent thereto to correct 
the gas concentration detection signal being output by the gas sensor based on the results of 
ih&refcrence lo obtain more accurate gas conccnlraiion values. 
In a second aspect, the gas sensor is a NOx sensor. 

In a third aspect, the gas sensor is a sensor expbiting the oiiQrgen ion. pumping 
operation of the solid electrolyte. 

In a fotirth aspect, it is assumed that the ratio of the air to the fiicl supplied to the 
engine (air-to-fuel ratio, A/F ratio) corresponds to the amount of the moisture in the 
exhaust gases. Based on the air-to-fuel ratio, gas concentration detection signal and the 
true gas concentration value, a map containing corrcctwn data of the gas concentration 
detection signal corresponding to the air-to-fuel ratio is pre-formulated. Fronj this pre- 
formulalcd map, pre-set correclfon data coitesponding lo the air-to-&icl ralio as dctcraiined 
by the engine operating conditions are readout The gas concentration detection signal is 
corrected by the read-out correction data. 

In a fifth a^ct, a specific or certain voltage is applied across the first oxygen ion 
punp cell to sufficiently ptimp oxygen in the measurement gas generally to an extent of not 
entirely decomposing NOx, or in some case to an extent of not decomposing NOx. A 
curretit having a parameter corresponding to the oxygen conceotration in the measurement 
gas flows in the first oxygen ton pump current The second oxygen ion punnp cell 
decomposes NOx in the gas left over in pumping to pump out dissodated oxygen. A 
current corresponding lo the NOx gos conecniration flows in ihc second oxygco ion pump 
cell. A NOx gas conc^tration detection signal corresponding to the electric currein value 
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obtained from the second oxygen ion pump cell is corrected responsive to a signal 
corresponding to the electric current value obtained from the 5rsi oxygen ion pump celL 

In a sixth aspect, it is assumed that the electric current value of the first oxygen ion 
pump cell corresponds to the amount of moisture in the measurement ga$. Based on the 
electric current value of the jSrst oxygen ion pump cuirent, eleciric current value obtained 
from the second oxygen ion pump cell and the true NOx gas concentration, a map 
containing correction data of the NOx gas concentratk>a detection signal (conesponding lo 
the electric current value of each first ojq^en ion pump cell) is pro-formulated. From tliis 
pre-formulated map, specific (pre-set) correction data corrc^nding to the electric cucrcnl 
value of the first oxygen ion pump cuireoi is read out. The NOx gas concentration 
detection signal is corrected by the read-out correction data. 

In a stai further aspect, a residua] gas is fonncd under the condition that allows and 
compensates for substantially decomposition of NO in the first ftow channel or generally 
an upstream region in the flow channel 

This coodition is established such that the in-flowing NOx from the ambient gas 
compensates the decomposed amiouint of NO to bring an equilibrium state in the residual 
gas. 

The NOx is understood to he substantially the sum of NO and an amount of N02 in 
an equilibrium determined generally by the temperature in which the rate of N02 decreases 
as the temperature rises. Por example, at room temperature it is aJmost N02, at 300 to 
400*C 50/50 and at 700'C or above NO2 is 5% or less. 

The sensor ts preforably operated at about 700*C or above and up to about 900"'C 
more prefembly at 750 to SSO'C 
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Thus the role of N02 in NOx is relatively small or negligible \mder the caxcfully 
opewted conditions, or N02 may be regarded as NO under certain condition which will be 
explained later. 

BRIEF DESCRIPTION OF 'njE DRAWINGS 

Fig. 1 shows a cross-sectbn along the short side direction of a NOx gas sensor 
according to an embodiment of the invention. 

Hg. 2 is a fiowchart for Jllustrating the principle of dete(ding the nitrogen oxide 
coDCentcaiion by a sensor like shown in Fig. 1. 

Figs. 3A and 3B arc conceptual views for illustrating the reason the gain is changed 
by the oxygen coocoatration, where Figs. 3A and 3B illustrate a ratio of the gas 
continents in each chamber with the oxygen concentration in the detection gas of 0% and 
more than 0%, respectively. 

Fig. 4 is a flowchart for illustrating a method for measuring the NOx gas 
concentration according to the operation of an cinbodinxcnt of the present invention and a 
method for measuring the oxygen concentration and the air-to-fuel ratio. 

E^. 5 is a graph that illustrates the dependency of the gain of the NOx gas 
concentration on the oxygen concentration in the detection gas. 

Fig. 6 iftusirate.s a NOx gas sensor control device according to a comparative 
example. 

Fig. 7 is a block diagram for illustrating a NOx gas concentratbn measurement 
device according to a oomparailve example. 
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Fig. 8 is a block diagram for illustrating a NOx gas conceniration mcasurerocnt 
apparatus according to an embodiment of the p-csent invention. 

Fig. 9 illustrates the results of measurement by the NOx gas concentraiion 
measurement apparatus according to an embodiment of the present inventioa 

Fig. 10 illustrates the results of measurement by the NOx gas concentia^n 
measurement apparatus according to an embodiment of the pr^ent invention. 

F^. 11 illustrates the results of measurement by the NOx gas a>ncentration 
measurement apparatus according to an embodiment of the present invention. 

Fig. 12 shows the results of measurement of the conceoiraiion of exhaust gases of a 
1.5L lean burn gasoline engine using the NOx gas measurenofint device according to a 
comparative example. 

Fig. 13 shows Ihc results of measurement of exhaust gases of a 1.5 L lean bum 
gasoline engine using a NOx gas measurement apparatus according to an embodiment of 
the present invention. 

Fig. 14 illustrates a NOx gas sensor control apparatus according to another 
embodiment of the present invention. 

Fig. 15 is a schematic view for illustrating (he structure of a NOx gas sensor 
employed in an embodiment of the present iaventioit 

Rg. 16 illustrates the cross-section Indicated by arrow A in Fig. 15, 

Fig. 17 flluslraies the layout of a NOx gas sensor shown in Fig. 15. 

Fig. 18 illustrates the results of a durabilUy test conducted using a NOx gas sensor 
shown in Fig. 15. 
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Fig. 19 Dlustrates the result of a calibration of the deteciion output of Ihe NOx gas 
sensor according to an embodiment of the present invention. 

Fig. 20 illustrates the results of the durability test coisparing an embodiment of the 
invention and a comparative example. 

Figs. 21(a) and 21(b) iUustrate an exhaust gas concentratfon detection apparatus 
employing a NOx gas sensor according to an embodiment of the present invention wherein 
Fig. 21(a) illustrates an exhaust gas cleaning system of a gasoline engine (especially a lean- 
bum enipne) and Fig. 21(b) illustrates an exhaust gas concentration detection apparatus 
applied to an exhaust gas cleanuig system of a dicscl engine 

Fig. 22 illustrates an exhaust gas concentration detcctiott system employing a NOx 
gas sensor according to ao embodiment of the present invention. 

Fig. 23 is a perspective view of the sensor for illustrating the position of the cross- 
section shown in Fig. I. 

Fig. 24 is a diagram for illustrating the principle of measuring the NOx gas 
concentratbn. 

Hg. 25 iUcstratcs a cross-sectioa in a short side direction of a NOx gas sensor used 
in an ^nabodiment of the present invention and schematics of a control system. 

Fig. 26 is a perspective view showing a cross-section in a longitudinal direction of 
the NOx gas sensor shown in Fig. 1. 

Fig. 27 shows a layout of a NOx gas sensor shown in Fig. 25. 

Hg. 28 illustrates a toaoufacturing example and the detailed layout of a NOx gas 
sensor used ibr measurement. 
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Fig. 29 is SL graph showing the effect of the moisture on detection output of the NOx 
gas concentration of a NOx gas seitsor in an embodiment of the present invention. 

Fig. 30 shows a schematic structure of a NOx gas concentration measurement 
system used in an embodimeni of the present invention. 

Bg. 31 fe a graph showing the relation between the oxygen concentration and 
moisture at the time of coicplete combustion. 

Fig. 32 iUuslratcs results of measurement obtained by a system shown in Fig. 30, 

Hg. 33 illustrates the results of measurement obtained by the system shown in Fig. 

30. 

Fig. 34 iUusiraies an example in which a NOx gas sensor according to an 
embodiiment of the various aspects of the present tnvetUioa is fitted to a metal body. 

Figs. 35A to 35D iUustraic a KOx gas concentration sensor having two chamber 
according to further aspects of the present invention, wherein Fig.35A is a oross-scdional 
view for illustrating such NOx gas concentratfon sensor. Fig. 35B is a longitudmal cross- 
sectional view thereof Fig.35C is a schematic enlarged cross-sectional view of the first 
measurement diambw and F^,35D is a plan view of the second measuremeni cbamher. 

Fig. 36 illustrates a sensor of a reference example for the sensor shown in Figs. 
35A-35D. 

PREeERRED EMBODIMENTS OF THE INVENTEON 
Refieiring to the drawings, the principle of the first feature of the present mvention 
is explained. The present invention involv«s a method for calibrating changes in the gain 
based on the oxygen concentration (or the amount of change of the nitrogen oxide 
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conccnlnatiofli/ajn6unt of change of the second oxygen pump current) to measure the NOx 
gas concentration correctly. The present inventors have already proposed a sensor and a 
fnethod for detecting the concentration, ia particular the nitrogen oxide concentration. 
Rg. 1 and 2 show ibe schematic structure of the NOx gas sensor to which the method for 
measuring the NOx gas concentration according lo the present invention is applied, and the 
process of detecting the NOx gas concentration by this sensor, respectively. 

The sensor of Fig. 1 has a first oxygen ion pumping celi 6 including two sets each 
of dif&ision resistance portions, oxygen ion pumping cell and a measurement chamber and 
a pair of electrodes provided on both sides of a first solid electrolyte layer, an oxygen 
concewration measurement cell 7 including a pair of oxygen coDceniration detection 
electrodes provided on both sides of the second soKd electrolyte layer, tnd a second oxygen 
ion pumping cell 8 including a pair of electrodes arranged on both sides of the third solid 
electrolyte layer. An insulating layer is fonmcd between the soUd electrolyte layers. 
Between the first oxygen ion pumping cell 6 and the oxygen concentration measurement 
cell 7 is formed a first measurement chamber 2 defined by an insulating layer and a solid 
electrolyte layer. Similarly, by an insulating layer and a solid electrolyte laya, a secoiul 
measttremenl chamber 4 is d^ed above the second oxygen ion pumping cell 8. In a wall 
surface surrounding the first measurement chamber 2 are formed plural first dif&ision holes 
(portion) 1 having a dif&isioa resistance. In a mid-portion of the first measurement 
chamber 2 is Jbrmed a second diffiision hole (portion) 3 in a spaced-apart relation from the 
first diffusion holes 1. The second diftusion hole 3 is passed through the oxygen 
concenlratioameasuremcnl ccU 7 and the solid electrolyte layer to provide conuaunication 
between the first and second measurement chambers 2 and 4 with a diffusion resistance. 
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In the sensor shown in Fig. 1, the process of detecting the NOx gas concentration in 
the cxhausl gas is as shown in Fig. 2. steps 201 to 205. Thus, the NOx gas concentration 
can be found by e:iq>loiting the £act that the second oxygen pump current IP2 is 
proportbnate to the amount of oxygen yielded on decomposition of NOx. Meanwhile, the 
first diffusion resistance and the second diffusion resistance conespond in Fig. 1 to a gas 
dif&ision resistance possessed by the first difiiislon holes 1 and the second di£&ision hole 3, 
rcspcctively- 

As a practical matter, in a low oxygen concentratm atmospheie lower than a 
specific vahie, oxygen cannot he pumped out completely from the first measurem«it 
chamber due lo constraint such as NOx decomposition. Therefore^ the oxygen pumped out 
from the second measurement chamber is both oxygen yielded on NOx decompositioa in 
the second measurement chamber and oxygen not pumped in the first measurement 
chamber and dil&sed into the second measurement chamber. That is, the current Qowiog 
in the second oxygen ion pumping cell is affected by both the residual oxygen 
concentration in the second measurement chamber and the NOx gas conc«tttratbiL 
TTiercforc, the effect of residual oxygen needs to be precUided for enabling correct 
measurement of the NOx gas concenlration. Thus, it may be contemplated Vo use different 
values of *ofi&ei' depending on the oxygen concentratioa 

Specifically , 0) for various values of oxygen concentration, the nitrogen ojdde . 
concentration is set to zero, and the amount of the current flowing at this time through the 
second oxygen ion pumping cell (this amount of current being hcrcinaOLcr refenred to as 
'ofiset') is measured, and (u) the cuxrcnl flowing at this time through the second oxygen 
ion pumping cell is measured using a detection gas having a fcoo-wn standard NOx gas 
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conc<3nirationu The 'gain' of the variation of the second oxygen ion pumping cell current is 
thus detertnincd throughout the various values of oxygen conccnlration. This gain is given 
by the following equation: 

'Gain' » (standard NOx gas coDceatrationy(generated current amount - o&et) 
The values of the offeet, thxis found, varied with the oxygen concentration, and a 
perpetually constant gain value, are pre-stored in storage means, such as memory. During 
measurement, the oSstt values and the gain as well as the current flowing in the second 
oxygen ion pumping cell are entered to a micro-con^tor to calculate the NOx gas 
concentration. Since the olE&et is varied with the o>c^en concentration, as described abovc^ 
pre-set values that correlate with the oxygen concentraiion values are pre-stored as a map. 
Depending on the output of the oxygen concentration measurement cell, pre-set data (oi£}ct 
values) are read out &om this map to correct or calculate the NOx gas concentration. 

However, the present inventors have found, as a result of this investigations, that 
gain calibration a<xording to oxygen concentration is required for correct measurement of 
the NOx gas concentrations occurring on the order of several ppm. The reason the gain is 
varied by the oxygen concentration is possibly as follows. Figs. 3(A) and 3(B), 
conceptually show one reason why the gain is changed by the oxygen concentration, and 
also show the change in the proportions of the gas concentration between the first and 
second measurement chambers. In the smsac shown in Fig.Al, oxygen is pumped by the 
first oj^gen ion pumping cell from the Grst meastirement chamber so that the concentration 
of oxygen flowing from the Gxsn measurement chamber into the second measiu-cment 
chamber will be equal to the concentraiion prescribed in the oxygen conccnlrailon 
measurement cell (constant electromotive force). The following proportions prevail as the 



proportions o£ the oxygen concentration of respective components (NO, CO and the like) 
flowing: into ihc second measurement chamber. 

Refemttg to Fig. 3A, if the oxygen concentration in the measurement gas is zero, 
there is no oxygen pumped out by the first oxygen ion pumping cell, so that the proportions 
of the gas concentration of various components flovnbg into the second measurement 
chamber are not changed. However, referring to Kg. 3B, the amoimt of oxygen pumped 
out by the JQrst oxygen ion pumping cell is increased with increased oxygen concentration 
in the gas being detected As a result, the proportions of the vaiioos gas components 
flovving into the second measurement chamber are increased corresponding to the 
decreased amount of oxygen as cooo^ed to that o£ the detection gas. Thsx is, the higher 
the oxygen concentration in the detection gas, the higher becomes the KOx gas 
concentration in the second measurement chamber. Thus, the amount of the current in the 
second oxygen ion pumping cell proportionate to the amount of oxygen yielded on NOx 
decomposition is increased to increase the sensor sensitivity to the NOx gas concentration 
(the gain is lowered). For more corrca calculation of the NOx gas conceniralion, the gain 
low&riqg caused by the tnoreascd sensor sensitivity cannot be disregarded to render it 
necessary to make coirectbns. The present mv«itors provide means for cotrectmg the gain 
in response to the oxygen concentration in the detection gas based on the foregoing 
informatioiL Referring to Hgs. 2, 6 and 26, the principle pertaining to the second feature 
of the present invemioa and the invention underlying this principle are explained. Fig. 6 is 
a transverse cross-scctJbiuil view ibr illustrating the schematic structure of a NOx gas 
sensor to which the control method according to tlie second feature of the present invention 
is advantageously applied. The transverse cioss-section of Fig. 6 corresponds to a cross- 
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scctfon of the sensor shown as a longitudinal cross-sectioti in Fig. 26. The sensor of Fig. 6 
has a first oxygen ion pumping cell 6, including two sets each of diffusion resistance 
portions^ an oxygen ion pumping cell and a measurement chamber and a pair of electrodes 
6a, 6b provided on both sides of a first solid electrolyte layer. An oxygen concentration 
(partial pressure) meastirement cell 7 including a pair of oxygen concentration detection 
electrodes 7a, 7b provided on both sides of the second solid electrolyte layer, and a second 
oxygen ion pun^ii^ cell 8 Including a pair of electrodes 8a, 8b arranged on both sides of 
the third solid electrolyte layer, also are used These layers are laminated m order and an 
insulating layer is formed between the solid electrolyte layers. Between the first oxygen 
ion puttying cell 6 and the o.xygen concentration measurement cell 7 is fermed. a first 
measurement chamber 2 by an insulating layer and the solid electrolyte layers. Simnarly, 
by an insulating layer and the solid electrolyte layers, a second measurement cbaxnber 4 is 
defined above the second oxygen ion pumping cell 8. In a wall surfece surrounding the 
fibrst measurement chamber 2 are formed plural first difiSisksn holes 1 having a difi&ision 
resistance. In a mid portion of the first measurement chamber 2 is formed a second 
di£6ision hole 3 in a spaced-apart relation from the first dif&ision holes 1. The second 
division hole 3 is passed through the OT^rgen concentration measiirement cell 7 and the 
solid electrolyte layers to i^vidb communication between the first and second 
measurement chambers 2 and 4 with a diffiasion resistance. 

Actually, in a low oxygen concentration atrrwsphcre lower than certain spccUlc 
value, oxygen caimot be pumped out completely io the first measurement chamber due to a 
constramt of NOx decomposition. Therefore^ the oxygen pumped out from the second 
measurement chamber is made up of both an oxygen portion yielded on NOx 
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decomposition in the second measuremeat chamber and an oxygea portion that wa$ not 
pumped out of the Srst measurement chamber and was di^sed into the second 
iDcasuremcnt chamber. Thai is, the curreoi Qowjng in the second oxygen ion pumping cell 
is aflfected by both the residua] oxygen concentration in the second measurement chamber 
and the NOx gas concentration. Therefore, the effect of residual oxygen needs to be 
precluded for enabling correct measurement of the NOx gas conccnlTation. 

Thu&, according to the invention which forms the basts with, respect to the second 
feature of the present invention, the cflcci of oxygen is precluded in the followjng manner. 
Thai is, (i) measurement gases in which the nitrogen oxide concentration is previously set 
to 0 and the oxygen concentr^ion has various different values (gases with various value of 
the oxygen concentraik>a) are charged into a measwement unit and measurement is made 
on the current flowing in the second oxygen ion pumping cell (this current is hereinafter 
referred to as 'offset'); (ii) the measurement gas with the standard NOx gas concentration is 
charged into a measurement device and measuremocit is made on the current Sowmg in the 
second oxygen ion pumping cell; and (iii^ 6rom these measured values, the 'gain' of the 
variation of the second oxygen ion pump cun-ent is set. This gain is given by the following 
equation: 

'Gain' = (standard NOx gas concentmdon)/(genaatcd currcni amount - oGSset) 
The value of the oflsci, thus found, varied -with the oxygen concentration, and the 
gain values, are pre-stored In storage means, such as memory. During measurement, the 
offi»ct and the gain as well as the currexu flowing in the second oxygen ion pumping cell are 
entered to a micro-compuicr lo calculate the NOx gas concentration . 
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However, it has turned oul there is a problem as tbllows. NameJy, if the oxygen 
conccnlralion in ihc mcasurcmeni gas varies, the oxygen concentration in the first 
measurement chamber is not constant due to, Cor example, control delay, even if it is 
attempted to pump out oxygen by the jSrst oxygen ion pumping cell to provide a constant 
oxygen concentration in the first measuiement chamber using a control method such as 
PID. Thus, there may be an occurrence that the oxygen concentration in the Grst 
measxircmcnt chamber is lowered excessively, such that NOx is decomposed in the first 
measuiemeol ch^utnber and an output is decreased "when measuring NOx in the second 
mcasurenient chamber, oi that the oxygen concentiatwn is raised, fa such case, excess 
oxygen which, should inherently be pumped out in the jSrst measurement chamber is also 
measured, with a result that an output is increased to render it impossible to measure the 
NOx quantity accurately. 

The control method and qiparatus according to the second Ccature of the present 
invention is explained by contrasting it to the control method and apparatus according to 
the coniparative example. Erst, the control method and apparatus according to a 
comparative example is explained wilb rc&rcncc to Figs. 6 and 7. The structure of 
component parts shovm in Fig. 6 is similar to that shown in Hg. L In Fig. 6, a re£erence 
electrode 7b of the oxygen concentration measurement cell 7 is electrically connected to an 
input terminal of a difiicrcntia) amplifier 30 to enter the otitput voltage of the oxygen 
concentration measurement cell 7. To an output terminal of the differential ampUfter 30 is 
connected an input terminal of a controller 31. The controller 31 pcrCorms PID control 
based on the offiset of the vohage of the reference power source from the electromotive 
&>rce of the oxygen concenixation measurement cell 7 to control the voltage applied across 
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a pair of ele^rodes 6a, 6b of the first oxygfia ion pumping cell 6 so that the electromotive 
force of the oxygea cooceatration measurement ceU 7 vrill be equal to the voltage of the 
reference power source. 

Th« control apparatus according to the comparative example shown in Fig. 7 has a 
constant- Vs-controllcr 41 equivalent to the differential amplifier 30 and the controller 31 
shown in Kg. 6, and a controller 40 having first and second oxygen ion pump currents as 
inputs and die ojr^gen concentration and NOx concentration values as outputs. The 
constant- Vs-controller 41 has the output of the oxygen concentration measurement ccU 7 as 
input and coivtrols the voltaic ajjph'ed across the first oxygen ion pumping cell 6 to render 
the electromotive force of the oxygen conccntratk>n measurement cell 7 constant. The 
controller 40 has, as inputs, the first oxygen ion pump current ^wing in the first oxygen 
ion pumping cell 6 and the second oxygtm ion pump cunrent Qowing in the second oxygen 
ion pumping cell 8. An oxygen concentration calculation unit 40a of the controller 40 finds 
the oxygen concentration based on the first oxygen ion pump current and outputs the 
resulting oxygen concentration while outputling an oxygen concentration correctibn signal. 
A NOx concentration calculatbn unit 40b of the controller 40 has, as input, the oxygen 
concentration calibration signal and the second oxygea ion pump current, and outputs a 
nittogcn oxide concentralion value conrected for oxygea concentratbn based on the input 
signals. That is, the system shown ia Fig. 7 presupposes the constant oxygen partial 
pressure (concentration) steady state and executes the oxygen concentration conrection for 
detecting the NOx gas concentration based on the 6rst oxygen ion pump current. 

On the other hand, in the control device for the NOx gas sensor according to the 
second feature of the TpresctA. invention, shown in Fig. 8, an oxygen concentration detection 
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output (oxygen concentration detection voltage) of the constant- Vs-controUec 41 is directly 
entered to the NOx concentratbn calculation unit 40b, which then corrects the rutrogen 
oxide concentration for oxygen concentration based further on the rate of change 
(variation) of the detection output of the oxygen cODcentration (detected voltage of the 
oxygen concentratfon) in addition lo the above-mentioned oxygen concentration correction 
signal and the second oxygen ion pump current. It is possfele with this control device to 
correct the detection output of the NOx gas concentration responsive to the rate of change 
(variation) of the oxygen concentration even if the oxygen concentration, in the 
measurement gas is fluctuated significantly (in a non-steady state of the oxygen partial 
pressure), lo preclude the effect of fluctuations of the oxygen concentration lor accurately 
detecting the NOx gas concentration. 

The method for calibratii^ the detection output of the gas sensor based on the 
aspects of the third feature of the present invention is charactmzed in that the gas sensor is 
calibrated based on a detection output of the gas sensor under one of the driving conditions 
for the internal combustion engine which permits estimation of the concentration of the 
harmful exhaust gas conqx>nent& In general, in an interna] combustion engine of a vehicle 
havong an electronically controlled bxcl supply device, the fuel supply is cut when an output 
is not needed, as during deceleration. Thus, the concentration of the harmful gas 
components, such as NOx, HC or CO, is approximately of the same level as that in 
atmosphere. Conversely, the concentration of the hannful gas components discharged 
from the internal combustion engine under the normal operating conditions is $igiu6cani]y 
higher than that in atmosphere. Thus, by calibrating the gas sensor during fiiel cutting, the 
concentration of the harmful odianst gas can be detected conrectly even after prolonged use. 
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Moreover, since it is the zero point of the detection output (ofihet) that is changed by 
prolonged use of the gas sensor, it is imponani to correct this zero point. For this purpose, 
the foDowing would be pertinent. Thai is, the detection output upon fuel cutting is set to, 
for example, a level indicating the zero NOx gas concentration IcvcL 

It the o£6set value of the detection output of the gas sensor (detection output in case 
of the zero concentration of the detected component, or the zero-point detection output) 
exhibits oxygen concentration dq)endency, that is if the o&set value is changed with the 
oxygen concentration, the following is pertinent. Naioely, assume all o£&ets (for each 
value of the oxygen concentration) are conected based on the value of the detection output 
at the time of fuel cutting for the known oxygen concentration and the conccnlralion of the 
conaponent to be detected For example, assumed the difference between the bitial value 
of an ofGsct corresponding to a pre-set oxygen concentration stored in the memory (OFl) 
and a detected output corresponding to the pre-set oxygen concentration at the time of fiiel 
cutting (0F2), i.e., "OFl-OFZ", is subtracted from an ofi&et value 0F[02] for various 
values of the oxygen concentration stored in the memory, and the resulting value is stored 
in the memory as a new of&el value 0F(02 j. In the case of a sensor capable of measuring 
the oxygen concentration, the gas of the oxygen concentration substantially equal to that in 
atmosphere, that is Ihc gas with the oxygeia concentratfon of 20.9%, is supplied to the gas 
sensor to permit calibration of the sensitivity (Vgain). Fbr example, by applying the 
method according to the prcscot aspect to a NOx sensor as later explained, the sensitivity of 
the first oxyQcn pump cinrent can be calibrated to pennit correct measurement of the 
oxygen concentration after prolonged use. 
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If tht gas sensor is a NOx gas sensor, which is arranged downslr&am of the NOx 
occlusion catalyst, a spOce of a rich atmosphere is introduced for reducing the occluded 
NOx. Since there is substantially no KOx emission at thb timing, the zero point can be 
calibrated in the same way as described above. Moreover, corapaiison of detection outputs 
of the NOx soosor before and after insertion of the rich-aimosphere spike permits detection 
of the catalyst deterioration (lowering of the NOx occlusion amount) without necessity of 
taldng ofi&et changes into account 

Etg. 26 is a perspective view of a bngitudUnal section of a NOx gas sensor 
constructed in accordance with the present invention, wMle the NOx gas sensor constructed 
in accordance wiih the prestsnt invention comprises, two sets of diffusion res^tance 
portions, oxygen ion pumping ceUs and mexisurement chajnbers, as seen in Kg. 1. The 
structure of the invention and the basic principle of its operation roay be seen with respect 
to Bgs. 1, 23 and 24. Kg. 1 is a cross-sectional view shown shaded in Hg. 23, and Fig, 24 
is a graph showing the relation between the pump current of the second measurement 
chamber (second oxygen ion pump current) and the NOx gas concentration. 

The principle of measurement using the illustrated stnK:ture is as follows: 

(1) The exhaust ^ flows into a first measurement chamber 2 via first difiEusion 
holes 1 having diffusion resistance. 

(2) By a first oxygen ion pumping cell 6, oxygen in the first measurement 
chamber 2 Js pumped out, generally to an extent thai wiU prevent the decomposition of 
NOx to entirely or to a desired degree. To achieve such control, the oxygen partial pressure 
in the first measurement chiumber 2 is controlled by a signal outputted by an oxygea partial 
pressure detection electrode, namely the oxygen concentration measurement cell 7- 
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(3) The gas xn the first measurcrocnl chamber 2 (concentration-confroUcd 02 
gas + NOx gas) fiows into the second measurement chamber 4 via the second difi^sion 
hole 3 having a di£^ion i-csisUuicc. 

(4) The NOx gas in the second measurement chamber 4 is decomposed into N2 
+ 02 by forther pumpbg out oxygen by the second oxygen ion pumping cell 8. 

(5) Since there is a linear relation between the second oxygen ion pump current 
If^ flowing in the second oxygen ion pumping cell 8 and the KOx gas concentration, as 
seen in Ffe. 24, the NOx gas conceairation can be detected by detecting Ip2. 

In the NOx gas concentration measuiemeiu method, having the above-described 
meuurement principle, if moisture exists in the measurement gas, an oQsct may be 
changed in response to the amount of the moisture, although the sensitivity (t/gain) is not 
thereby affected Since the value of the second oxygen ion pump cuircnl (second 
measurement chamber pump electric current valtie) will be afigected by the amount of 
moisture in the measurement gas, the NOx gas concentration cannot be measured correctly, 
as illustrated in Fig.24. Thu^ in accordance with a first aspect of the present invention, the 
second oxygen ion pump elertric current value (detection signal) is corrected based on the 
amount of the moisture in the measurement gas. Specifically, a correctbn value, 
corresponding to the amount of moisture, is applied for enabling accurate measurement of 
the NOx gas concentration. 

In one configuration o£ a NOx gas sensor, to which the abovc-dcscribcd otupui 
correction method, is applied, uses a basic sensor structure. Specifically, this gas sexisor 
preferably includes a solid electrolyte layer provided with a pair of electrodes of the second 
oxygen ion pumping cell, another solid electrolyte layer provided with an oxygen partial 
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pressure detection electrode (os^gea concentration measurement cell) and the above» 
mentioned second measurement chamber provided betwrecn the two solid electrolyte layers. 
As seen in Egs. 1, 25 and 26, the preferred NOx gas sensor is characterized in that the first 
oxygen ion pumping cell 6, oxygen concentration measurement cell 7 and the second 
oxygen ion punning cell 8 are provided in respective diCferent solid electrolyte layers. 
This structure decreases the leak current floxwing between respective cell electrodes to 
permit the oxygen concentration in the 6ist measurement chamber to be controlled 
accurately. More preferably, Insulnting films or layers of alumina are provided between 
respective cells. 

Also preferably, heating layers for heating a detector arc provided between stacked 
solid electrolyte layers. The first and second oxygen Ion pumping cells can be stabilised in 
capability by provision of the heating layers. 

As the solid electrolyte layers of the respective cells, a solid solution of zirconia and 
yttria or a solid solution of zircoma and calcia is used. The porous electrodes formed on 
both sides of the thin-plate-shaped solid electrolyte layers by printing and sintering etc are 
preferably formed of catalytic materials such as platinum, rhodium, palladium, rtienium, 
iridium or alloys theareol As first and second diSusion holes, porous alumina ceramic, 
such as porous alumina ceramics, may also be used. II is preferred that the heating 
portions of the heaters are formed of a composite material of ceramics and platinimi or 
platinum alloys, while lead portions are formed of platinum or phttinum alloys. 

Meanwhile, the fourth feature of the present invention may be applied for detecting 
the concentration of other gases e.g., CO, C02 or HC gases. The concentration of the 
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tneasurem«at gas can be measured accurately in a manner exempt from eCfccis of 
oxygen concentration as in the case of detection of the NOx gas concentration. 

Other desirable features ace as stated in the JP Patent AppKcation No.9-159195 by 
the present Applicant. The coiuents of these applications are incorporated into the present 
application, by reference. 

Referring to Eig. 4, the method for measuring the NOx gas concentration, oxygen 
concentration and air-to-fiiel ratio according to an embodltnent of the first ivmtxnc of the 
present invcntiott is explained. First, using a detection gas having known oxygen 
concentration and NOx concentration values, the gain and the o&et of the NOx gas 
concentration corresponding to the oxygen coiMXntralion, gain of the oxygen concentration 
(electric current value per a standard oxygen concentration), and offiset (first oxygen pump 
current for 0% oxygen concentration) are found. Next, a detection gas having unknown 
NOx gas concentration etc. are measitred. Referring to Fig. 4, the first ojg^gen pump 
current IP I is measured (step 401). Then, based on IPl, the oxygen concentration is 
calculated and found (411 lo 412). An air-to-fiiel ratio is then calculated and outputied 
(421 to 422). Also, te^nsive to the oxygen concentration, calculated from IPl, the ofEset 
and the gain of the NOx gas ooneentiation, previously found, are read oat and, usmg these 
■ read-out values and the measured value of the secxjnd oxygen pun^> current IP2, a NOx gas 
concentration is calculated and outputted (steps 402 to 407). The sequence of calculations 
shown In Rg. 4 can be executed by a tnicro-computcr connected to a seusox. Ahematively, 
a measurement device such as ammeter, may be connected to the sensor and calculations 
may be executed based on ihe displayed results, loo. Alternatively, gala correctiou of the 
NOx gas concentration, exhibiting ccruiin specific oxygen concentration dependency, may 
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be executed by utijlizing Ibe output of the first oxygen, ion pumping cell and by varying the 
aroplification &ctor of a NOx gas concentration output circuit using an anaJog circuit. 

Next, a pre&ned embodiment for the second feature of the present invention is 
explained. That is, PID control is performed by the drcuil conBguratioD shown in Fig. 6, 
so that the electromotive force generated in the oxygen partial pressxire detection electrodes 
in the first measurement chamber will be constant. If at this time a control target voltage of 
the oxygen partial pressure detection cell (setting of the electromotive force generated in 
the oj^gen partial pressure detection cell) is changed, the second oxygen ion pump current 
i:i changed. Therefore^ o£&ets of the second oxygen ion pump currem . relative to the 
voltage setting of the oxygen partial pressure detection cell arc previously measured and 
entered as a map in a memory of a ooniiioUer or the lUce. during rapid changes in the 
oxygen concentration In the measurement gas. an electromotive force generated across the 
oxygen partial pressure (tetectjk>n cell is changed, an offeet value correspondmg to thSs 
electromotive force is read out to increase or decrease this amount of offeci with respect to 
the second ojiygen ion pucqp current for enabling more accurate detection of the NOx gas 
conc^tration. 

Although it is desirable to detect the oxygen partial pressure in the second 
measurement dliamber to correct the second oxygen ion pump current, it is necessary to 
provide electrodes newly. Thus the oxygen partial pressure detection cell for controlling 
the oxygen concentration in the Brst measurcmcat chajtnbcr may be used for performing the 
correaion. Also preferably, a reference electrode for the oxygen partial pressure detection 
ceU may be pn>vided in a reference oxygen charabftr to cause a minor current to flow to 
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assure a constant oxygen conccntralion in the atmosphere around the reference electrode lo 
enable correct detection of the oxygen concentration in the measurement chamber. 

Nejrt, a jf»e£erred embodiment for the third feature of the present invention is 
explained. A desirable gas sensor for the third feature of the present invention is a gas 
sensor capable of detecting the concoatration of harmful components in the exhaust gases. 
Such as combustible CO, HC and/or NOx components. As a CO sensor, a gas sensor 
employing an oxide semiconductor device, such as In203, may be used. As the HC sensor, 
such as gas sensor may be used which is provided wiih an oxygen pump element and an 
oxygen concentration cell element, both ejqposed to the detection gas, and which finds the 
concentration of the eombustibk gas components from the electric current values Oowing 
in the oxygen pumping cell element when the electromotive force generated in the oxygen 
conccntrat'ton cell element teaches a value not higher than a pre-set value. A gas sensor 
may be used which is provided with an ojiygen pumping cell, an oxygen sensor cell and a 
coinbustible gas component detection unit tbrmed of an oxide semiconductor. Also, a NOx 
sensor may be used which is provided with two sets of diffusion resistance portions, 
oi^en ion pumping cells and gaps. The measurement principle of this NOx sensor is as 
follows: 

(1) Exhaust gases flow hio the first gzp via a first diffosion resistance portion 
having a diffusion resistance. (2) By the Cirsi oxygen ion pumping cell, oxygen in the first 
gap b sufficiently pumped out such as not to cause gcucrally all NOx (or occasionally 
NOx) in the first gap to be decomposed (the oxygen partial pressure in the first gsqp is 
controlled by an output signal from a second diffusion resistance i)ortion). (3) The gas in 
the first gap (concentration-oontroUed 02 gas or NOx gas) flows via second dt£Eusion 
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resistance portion into the second gap. (4) by the second oxygen ion pumping cell further 
pumping out oxygen, NOx in the second gap is decomposed into N2 and 02 gases. (5) 
Since there is a specific (roughly linear) relationship between the second oxygen pump 
cuiTcnl IP2 flowing in the second oxygen ion pumping cell and the NOx gas concentration, 
the NOx gas concentration in the esdiaust gases can be detected by detecting IpL (6) The 
oxygen conceniration in the exhaust gases can be measured from the first oxygen pump 
current IPl flowing in the first oxygen ion pumping cell when the first oxygen ion pump 
current pumps out oxygen £rom the first gap. 

A desirable method for using the above-meniioncd NOx sensor in the csdiaust gas 
cleaning system of a gasoline engine or a tUcsoI engine is hereinafter explatoed. Referring 
to Fig. 21 A. in an c:diaust gas cleaning system of a gasoline engine ^n particular a lean 
burn engine), an oxygen sensor (1), a NQx occlusion type three-way catalyst, an oxygen 
sensor (2) (the above ehicidaicd NOx sensor used simultaneously as an oxygen sensor) are 
mounted in this order from the gasoline engine towards the downstream side. The ory^en 
sensor (1) is a sensor used for controlling the air-to-fiid ratio.. The fiiel, air or the l&e 
supplied to an engine is controlled based on a detection output of this oxygen sensor (1). 
On the other hand, the NOx sensor used simultaneously as the oxygen sensor, arranged 
downstream of the NOx occlusion type three-way catalyst, is a sensor for detecting the 
NOx gas concentration for checking the operating state of the three-way catalyst and the 
state of deterioration thereoE The engine or the like is controlled based on the detection 
output of the NOx sensor. This NOx occlusion type three-way catalyst affords the NOx 
occlusion effect to the ihree-way catalyst and operates as a usual three-way catalyst with 
excessive air ratk) X = 1 (stoichiometric point) while transiently storing NOx in the lean 



39 



state and periodically introducing rich spiJces for cleaning transiently stored NOx. In 
general, the material of the NOx occlusion type three-way catalyst is Pt added to with Ba 
etc. having the NOx occlusive effect. 

The above-mentioned NOx sensor, arranged downstream of the NOx occlusion 
type three-way catalyst, can be used for deieclii^ the degree of deterioration of the NOx 
occlusion type three-way catalyst. That is, in introducing rich atmosphere spikes 
(jpreferably for about 3 seconds, air-to-fuel ratio of 14 to 14.5) for reducing NOx occluded 
in the NOx occhisioa type three-way cai^yst, the deletion output of the NOx sensor is 
varied before and aCtcr the spOce. If no deterioration has occurred, an output of the NOx 
sensor on reversion to the lean state after the ."jpike becomes lower than that before the 
spDce. Conversely, should there occur deterioration, NOx is not cleaned on returning from 
the spike to the lean state, with the NOx sensor o^itpulrttiiainittg at a higji value. Thus, the 
degree of catalyst dct«ioration. can be checked firom changes in the NOx sensor output 
before and after rich spike. Since NOx is scarcely gcnwated on spike insertion, the zero 
point of the NOx sensor can be calibrated 

Referring to Eg. 21B, there are provided in a diesel nigine exhaust gas cleaning 
system a light oil injection valve, a HC sensor, a NOx selective reduction catalyst and the 
above elucidated NOx sensor in this order. The hght oil injection valve is used for 
injecting light oil as a HC source into the exhaust gases in the exhaust du<a. The NOx 
selective reduction catalyst decomposes NOx bto 002 and H20, using HC added by 
injection of light oil as a reducing agent, for cleaning NOx The HC sensor is mounted 
upstream of the NOx selective reduction catalyst and performs the fonction of monitoring 
the HC concentration in the exhaust gases after light oil injection for performing feedback 
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control of the amount of light oil injected into the exhaust gases. Moreover, the degree of 
deterioration of the NOx selective reduction catalyst can be detected based on output 
changes in the NOx sensor before and after HC addition. That b, with the catalyst having 
the capability of cleaning NOx, the NOx gas concentration downstream of the catalyst is 
lowered by HC additbn to decrease the NOx sensor output, whereas, with the catalyst 
lowered in its cleaning capability, the NOx gas concentration b not lowered on HC 
addition, so that the output of the NOx sensor is not lowered. 

Fig. 22 shows the control configuration of an exhaust gas cooccntration detection 
system employing a NOx sensor according to an ^tnbodimem ia the third feature of the 
present iavention. Referring to Fig. 22, this detection system has an internal combustion 
en^e, a NOx sensor ajranged downsiccam of ihc catalyst, an engine control unit (ECU) 
and a NOx sensor controller. The engine control unit sets the driving conditions for the 
internal combustion engine, such as the air-to-luel ratio, and judges the catalyst 
deterioratioa The NOx sensor wntroHer includes means for controlling the NOx sensor, 
means for detecting and outputting the first oxygen pump current IPl and the second 
oxygen pump cunrent IP2 Sowing in the NOx sensor, a memory for Soring a map 
specifying the relation between the oxygen concentration and the IP2 ofOset vahie, an 
operation unit for reading out the IP2 offset from the memory and performing the operation 
based on an output of the detection means for outtpuiting the results of the operation to the 
rocmory, and of&et correction means suppUcd with a signal specifying the driving 
condition Grom the engine control unit and output signals from the IPl and [P2 detection 
means for outputting an offeet correction signal to the memory for storing a new of&et 
value in the memory based on an output signal sent from the operating imit to the memory. 



41 



The operation of this system is explained. The deicction means of the NOx sensor 
controller detects the second oxygen pump cunenl IP2 of the NOx sensor which the 
operatioa unit outputs to the roeraoiy. The engine control unit sets a driving condition of 
setting the NOx gas conccntratbn in the ejdiaust gases to substantially zero or to 
substantially the same level as atmosphere. As an example, the driving con^ion is set to 
the fuel cut time condition, that is the NOx gas (xtncentration equal to zero, with an oxygen 
concentration being 20.9%. If the signal specifying the above condition, outputted by the 
engine control unit, and the QPl, IP2 signals corresponding to Uie above conditbn oulpuUed 
by the IPl and tP2 detection means, the offset correction means outputs a pre-set ofiBset 
coirectioa signal to the memory for storing IP2 detected for the above condition in 
association with ihc oxygen concentration of 20.9%. This stored value serves as a 
calibrated new offiset value of the NOx sensor detection output corresponding to the 
oxygen concentration of 20.9%. The operation unit reads out oS&tt values corresponding 
to the oxygen concentrations stored in the memory to perform pre-set operations based on 
the read-oul values, IP2 under the above condition and the ofiGset vahie corresponding to the 
oxygen concentration of 20.9%, stored in the memory. Based on the results of the 
operation, the o£&et values corresponding to the oxygen concentration are calibrated and 
stored in the memory. Such calibration of the detectbn output of the gas sensor is 
preferably performed periodically during the driving operation of the internal combustion 
engine. It may also be per£6]ined during idling. 



DETAILED DESCRIPTION OF EMBODIMENTS 
FIRST EMBODIMENT 



A first embodiment according to the first feature of the present invention is 
explained in detail In the present embodiment, the NOx gas concentratioa was found by 
the following correcting method, using the NOx gas sensor shown in Figs. 25 to 28. The 
common measurement conditions were as follows: 

temperature of the measurement gas: 300'C 

gas composition: NO (0 to 1500 ppm); 02 (0 to 16%); C02 10%; balance being N2 
heater power. 18 tu 25 W (20 W corresponds to SOO'^C in icnus of the seusor 
tein|>erature) 

Preliminarily, the values of the second oxygen ion pump current for the NOx gas 
concentration al substantially zeto and for a prc-sci conccnlrallon (1500 ppm) were 
measured at various oxygen conccDtration values. Using measured, values of the second 
03cygen ion pump current as obtained for various values of the coocentcation of the injected 
NO at the pre-set oxygen concentratioa gain values for various oxygen concentration 
values (svariatiou of the NOx gas cooccntoiiiott/varlation of the second oxygen ion pump 
current) was found by the least square method. Table 1 and Fig. 10 show these resuhs. 
Referring to Fig. 10, it is seen that the larg» the oxygen concentration, the lower becomes 
the gain, so that, for finding the correct NOx gas concenlratioxi, it is necessary to correct the 
gain by oxygen concentration. The method for finding the coefficients of the equation for 
calculation m order to calculate an adequate gain by substitution of an arbitrary oxygen 
concentration using the gain values at each oxygen concentration shown in Table 1 is 
hereinafter ejqplaincd. 
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INSERT TABLE 1 



The methods for coirectmg the NOx gas concentration 1 to 6 (Examples 1 to 6) 
obtained on the basis of the second oxygen ion pump cutrcnt are hereinafter explained. 
Example Bl: Correcting method 1 

The oxygen concentration in the deteabn gas ivas set to 0, 1, 7 and 16%, the 
injected NO concentratioo was set to 0, approxiinately 5<K), approximately 1000 and 
apfwoximately 1500 ppm and, for each combination of these conditions, the second oxygen 
ion pvmip current was measured. Then, assuming that the relatvsn between the gain and the 
oxygea concentration is represeided by the {irsl-ordtf equation of the least square method 
(case of nsl in equation (4) as lata explained) 

Gaiit=GainO+Gainc x 02concent — (1) 

GainO : VAUUE OF GAIN FOR OXYGEN CONCENTRATION =0% 
Oainc : GRADIENT 

The gain at iho pre-«et oxygen concentratbn shown in Table 1 vras substituted in 
the equation (1) and the above coefiScients (GAINo, GAINc) Vftrt deteimincd using the 
least square method. The value of the gain as tbund by substituting an optional oxygen 
concentratbn in the equation (1) and the value of AIp2 shown in the following Table B2 
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were substituted into the equation (2), respectively, in order to find the NOx gas 
concentration. 

NOxaGain x AIp2 — (2) 

where Alp2=Ip2mea$ured-Ip2offiset — (3) 

!p2 measure± VALUE OF 2ND OXYGEN PUMP CURRENT (MEASUREMENT) 
Ip2 offeet :VALUE OF 2ND OXYGEN PUMP CURRENT FOR NOx=0% and 02=0% 

For comparison, the gain values for the oxygen conccniration values of 0, 1, 7 and 
16% were averaged and, using the resisting averaged value as a cocfiBcicnt of the equation 
(2), the NOx gas concentration was found. Table 2 shows the above measured value, 
calculated value, difference between the measured and cajculatcd values, difference 
between the true value oCthe NOx gas concentration (injected NO conc^ration (A)) and 
the calculated value (B), and the results of the Contparatrve Example. 

INSERT TABLE 2 



Xi is seen £rom Table 2 that the cuncenlration can be measured more accurately with 
the present conrection method 1 (in particular, a lean oxygen area). 



45 



Example A2: Correclion method 2 

It i5 «sum«3 thai the .elation between the gain and .he oxygea concenltatbn is 

, ,. ■ „i of the least stiuaie method of the following 

represented by the following polynommal ot the leasi sHud, 

equation (*)■ 

Gain=2 (Ciajni • 02conceiti) — <*) 
i=0 

wh«e i SHOWS DEGREE. IN PARTICULARLY Gahu FOR i=0 SHOWS VAUm 

OF GAIN FOR 0^=0% 

to U.C abov. «lu«ion (4), U» g^in value for .he pre-set o^cn conccnt«.lon 
Shown in Table 1 for i=2 was «.bs,itu.ed and. using the least square method, the above 
coefficients (GAINi: i = 0 to 2) were detennincd. Subsequently, the NO. gas 
concentrationwas found inthesam. way as in.hccorrec.ioamethodl.T,ble3shows the 

above »easur«l vah.es. calculated values, difference between the tme values ot the NOx 
g« concentration (iniected NO concen«tfon (A)) and the calcuUted values (B) and the 
rcsultsotthcO>n^arativeB»unple(samo as that shown inTable2> It is seen fton. Table 

3 that the NOx gas concentration can be found more accurately by the present correcion 

method 2.. 
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Example A3: Correction Method 3 
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The oxygen partial pressure was set to 10'', 0.01. 0.07 and to 0.16 and ihc injected 
NO concentration was set to 0, approximately 500, appro)droately 1000 and approximately 
1500. For each combination of these conditions, the second oxygen ion pump current was 
measured, respectively. Meanwhile, the oxygen partiail pressure corresponds to the 
concentration of the above correction methods 1 and 2, ejqjressed La terms of the partial 
pressure, while measured values of the injected NO concentration and the second oxygen 
ion pump current and the comparative example arc the same as those shown in the above 
correction methods 1 and 2. It was assumed that the relation between the gain and the 
logarithm of the oxygen partial pressure wa^ represented by a polynonunat as shown by the 
following eq\mK>n (5): 
GainsGaioO+Gainc x log(p02) — (5) 

GainOiVALUB OF GAIN FOR OXYGEN PARTICIAL PRESSURE =1 

Gainc:GRADIENrr 

The NOx gas concentratfon was found by the equatioQ (2) by a method similar to 
the correction method 1 except that representation by partial pressure is used in place of 
that by percentage (%). Table 4 shows the above measured values, calculated values, 
difference between true values of the NOx gas concentration Ejected NO concentration 
(A)) and the calculated value (B) and the results of comparative example. It is seen that the 
concentration can be measured more accurately by the present correction method 3. 



INSERT TABLE 4 
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Example A4: Correction method 4 

Next, gain values for a nuxnbcar of oxygen concentration valxies were found by a 
method similar to that for finding the gain for each value of oxygen concentration shown in 
Table 1. The results are shown in Table 5: 

INSERT TABLE 5 



In distinction torn the correction method 1, the values of the gam &>t respective 
oxygen concattration values shown in Table 5 were substituted into the above equation (2) 
to find the NOx gas concentration. That is, the values of the gain (Table 5) for optional 
oxygen concentration values were scored and the stored gain values were read out 
depending on the oxygen conceatratlon in the detection gas. The NOx gas concentration 
was calculated from the product of the read-out gain value and Alp2. The comparative 
Example b the same a$ that shown in Table 2. Table 6 shows the above measured values, 
calculated values, dififerencc between the true values of the NOx gas concentration 
(injected NO concentration (A)) and the calculated values (B) and the results of the 
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Comparative Example, ft is seen from Tabic 6 that the NOx gas conccnlration can be 
measured more accur^ely by the present correction method 4. 



INSERT TABLE 6 



Example 5 

The oxygen concentration in the detection gas can be found by measuring the 
cunent flowing in the first oxygen ion pumping celi Thus, oxygen and NO of the pro-set 
concentrations were injected and measurement was made of the first oxygen ion pump 
current Ipl flowing at a zero oxygtn concentration. The relation of proportionaiity 
according to the equation (6) exists between the oxygen concentration in the detection gas 
and the first oxygen ion pump current: 

02[%l=(Ipl-B02)/GO2 —(6) 

BOirVALUE OF 1ST OXYGEN PUMP CURRENT FOR 02=0% 
G02:AMOUNT OFCURRENTAJNIT OF OXYGEN CONCENTRATION 

Table 7 shows the results of the oxygen concentration as found by the above 
equation (6). From Table 7, the oxygen concentration can be found correctly to an error 
value of the order of 0.2% by the present method. That is, even if the oxygen concentration 
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in the detection gas is unknown, the oxygen concentration can be found correctly from the 
first oxygen pump current so that the gain and the offeet for measuring the NOx gas 
concentration in meeting -with the oxygen concentration in the detection gas can be 
detennined correctly to Snd the NOx gas concentration correctly. This also indicates that 
the present sonsor can measure the NOx gas concentration and the oxygen concentration 
simultaooously. Moreover, these measured values can be used to find the air-to-fuel ratio. 



INSERT TABLE 7 



SECX>ND EMBODIMENT 

A second embodiment incoiporaiing the second feature of the present invention is 

ejqplained. The NOx ^ sensor of the present embodiment represents an application of the 
NOx gas sensor explained with reference to Bgs, IS and 19 to 21A and 21B to the control 
configuration shown in Fig. 8. 

(Measurement Example Bl) 
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First, measurenjeots were carried out of the gain and the ofiset of the second 
oxygen ion pump current when a measurement gas containmg 1500 ppm of NO and 7% of 
oxygen was injected jnlo the control system, with the second oxygen ion pmnping cell 
potential remaining constant, and the setting voltage of an ojq'gen partial pressure detection 
cell was varied. The results are so^w^^ in Fig. 9. Also, measurements w«:e made of the gain 
and the ofi&et of the second oxygen ion pump current when the raeasuremcnl gas 
containing 1500 ppm of NO and 1% of oxygen was injected, with the setting voltage of ibi 
oxygen partial pressure detection ceU remaining constant, and the second oxygen ion 
pumping cell potential was varied. The results arc shown in Fig. 10. 

It Is seen from Fig. 9 that, if the setting voltage of the oxygen partial pressure 
detection cell b lowered, the oxygen left in the measurement gas difiSiscd into a second 
measurement chamber is increased to increase the .second oxygen ion pump current, 
whereas, if the setting voltage is increased, the second oxygen ion pump current is 
deoreased. On the other hand, it is seen &om Fvg. 10 thai if the setting voltage of the 
oxygen partial pressure detection cell is constant, with the oxygen concentratfon in the first 
measuremeni chamber being kept constant, the second oxygen ion pump current is 
decreased or increased as the second oxygen ion pump current is lowaed or raised, 
respectively. 

Therefore, if characteristics shown in Figs. 9 and 10 arc exploited and the second - 
oxygen ion pumping cell voltage is (a)towercd or (b)raised when the electromotive force 
generated in the oxygen partial pressure detection cell is (a)high or (b)iow, respectively, the 
cBTccts of ox)rgCn in ihe measurement gas and changes in the os^gen oonc^entration cancel 
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each other to permit accurate measurement of the concentration of the NOx gas Jn the 
measurement gajs. 

Hg. 11 shows the relation of the second oxygen ion pump current versus the 
diJBEeicnce (variation) of the potential between the reference potential (450 mV) and a 
measured potential of the electrode 7b of the oxygen partial pressure detection cell (Rg. 6) 
and the second oxygen ion pump current. It is seen from Fig. 11 that a substantially Unear 
relation exists between the two. Thus, by holding the relation in a memory of a conirojller 
40 (map fonnulattun) and by reading out a pre-set olivet corresponding to changes in the 
electromotive force in the oxygen partial pressure detectiou cell caused by rapid changes in 
ihc oxygen concentration in the measurement gas, and further by increasing or decreasing 
the measured second oxygen ion pump electric current value depending on the read-out 
ofi&et value, the correct vahie of the NOx gas concentration can be found based on the 
corrected second oxygen ion pumping cell ou^ul 
(Measurement Example B2) 

The previously-described control device (sec Fig. S) was applied to a lean bum 
gasoline engine vehicle oJt 1.5 L to measure the NOx gas concentraifon in the e^diaust gases. 
As a comparative example, similar measurements were conducted using a controller 
without correction by an output of the oxygen partial pressure detection cell (see Hg. 7). 
The setting volt^e of the oaygen partial pressure detection cell was set to 450 mV. 
Simultaneously, urue values were measured using an analyser based on the FTIR method 
(the analyzer outpiit is indicated at (3) FTIR). Hgs. 12 and 13 show the measured results of 
the Compaxaltvc Example and the Example, respectively. It is seen Eroro Kgs. 12 and 13 
that, in actual vehicle runnit^, the oxygen concentration is varied with time such that 
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contTOl delay occiu-s in the control operation of controlling the oxygen partial pressure 
detection cell aiming at a constant poientiaJ. Fig. 12 shows that, if the oxygen partial 
pressure detection cell current is varied suddenly, the NOx sensor outputs an abnormal 
value (based on the second oxygen ion pump current) thus indicating that the NOx sensor 
output (2) difiEers significantly from the analyzer output (3) such that measured values of 
the NOx gas concentration were not correct 

On the other hand, Fig. 13 shows that, by reading oiri, a pre-set offijet corrtssponding 
to the dijEference in potential (changes in the electromotive force) between the measured 
potential of the electrode 7b of the o^gen partial pressure detection cell (see Eg. 6) and 
the reference potential (450 mV) and by performing the coitectloa of increasing or 
decreasing the measured second oxygen ion pump electric cucreot value based ou the read- 
out offiset value, the NOx sensor output peaks on occurrence of abrupt changes in the 
oxygen partial pressure detectbn cell potential assume heights less than one-half as 
compared to Fig. 12, with the NOx sensor output (2) being substantially equivalent to the 
analyzer output (3), which demonstrates that measured values of the NOx gas concentration 
were correct 

In the above-described embodiment, the correction is carried out in the inside of the 
controller 40 shown in Fig. 8. Alternatively, a pre-set circuit may be added to the system 
shown in Fig- 6 (a pre-set circuit may be added to the sensor used in the above 
embodiment). Fig. 14 illustrates a control system according to a feirther crabodiment of the 
third feature of the present invention. The system shown in Fig. 14 differs firora the system 
shown in. Fig. 6 in that an ampUSler 32 is arranged between ihe reference electrode 7b of th^ 
oxygen detection cell 7 and the outer electrode 8b of the second oxygen ion pumping cell. 
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The system of Fig. 14 varies the voltage applied across the second oxygea ion pumping cell 
responsive to the difference (changes in potential) between the potential produced across 
the electrode 7b (sec Rg. 6) of the oxygen partial pressure detection cell and the reference 
potential to effect the above controller by the hardware in place of the software type 
correction. That is, the pump voltage applied across the second oxygen ion piimping coll is 
controlled so that the pump voltage will be varied as the potential of the oxygen partial 
pressure detection cell varies. It was found by a measurement test similar to that of the 
above embodiment that, with the syst^ shown in Hg. 14, correct NOx gas conccntraiion 
measurement is similarly possible as in the above embodiment as compared to the case in 
wMch the voltage applied across the second oxygen Son pumping cell is controlled lo a 
constant value. 

THIRD EMBODIMENT 

An embodiment according to the third feature of the present invention is explained. 
In the present embodiment, the NOx sensor having a structure shown in Rg. 15 is xiscd. 
The NOx sensor of ¥ig. 15 includes a first oxygea ion pumping cell 6, having a pair of 
electrodes 6a, 6b provided on both sides of a solid electrolyte layer 5-1, an oxygen 
concentration measurement cell 7 having a pair of oxygen partial pressure detection 
electrodes 7a, 7b, jM-ovided on both sides of a solid electrolyte layer 5-2, and a second 
oxygen ion purop}ng cell 8 having a pair of electrodes Sa, 8b provided on the surfkccs of a 
solid electrolyte layer 5>3 and a solid electrolyte layer 5-4, stacked in this order. Between 
the solid electrolyte layers 5-1, 5-2, 5-3 and 5-4 arc Banned insulating layers 11-1, 11-2 and 
11-3, respectively. Bctwcca layers of the first oxygen ion pumping cell 6 and the oxygen 
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conccniraiioa measurement cell 7 is defined the first measurement chamber (gap portion) 2 
by the left aad right side insulating layer 11-1 and the upper and lower side solid electrolyte 
layers 5-1 and 5-2. Similarly, the second mcasuremenl chamber 4 (gap portion) is defined 
above the second oxygen ion pumping cell 8 by the insulating byer 11-3 and the solid 
electrolyte layers 5-3 and 5-4. Moreover, jSrst difi&ision hole 1 having a diJQiusion 
resistance (division resistance portion) is provided on each side in the short side direction 
of the sensor (front and back sides in Fig. 15) on one side in the first measurement chamber 
2. On ihc other side in the first measurement chamber 2 is formed with an opening of the 
second diC&ision bote 3 (diSusion resistance portion) separated firom the first dilEgision 
holes 1. The second diCfiision hole 3 is passed ihrou^ the oxygen concentration 
measurement cell 7 and the solid electrolyte layer 5-3 to establish communication between 
the first and second measurement chambers 2 and 4 with a di£&ision resistance. 

In the present sensor, electrodes 8a, 8b of porous metal (such as Pi or Rh aUoys) are 
formed on the same surface of the soh'd electrolyte layer 5-4 making up the second oxygen 
ion pumping cell 8. Although the electrodes 8a, 8b are isolated from each other via the 
insulating layer 11-3, oxygen ions are conducted via the solid electrolyte layer 5-4 to cause 
the second oxygen pump current Ip2 to flow by this oxygen ion conductfoa The electrode 
8b is prohibited by the solid electrolyte layer 5-4, insulatbg layer 11-3 and a lead (line) 8d 
from direct contact with the sensor atmosphere. Moreover, oxygen pumped out by the 
second oxygen ion pumping cell 8 can be led to outside via porous lead 8d having a 
di£Eusion resistance. Moreover, leads 8c (sec Fig. 16) and 8d (sec Fig. 16) arc clcctricaJly 
connected to the electrodes 8a. 8b. while the lead 8d electrically connected to the outer 
electrode 8b of the second measurement chamber 4 is porous to permit oxygen ion 
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diJE&xsion. Thus, oxygen decomposed by the NOx gas and pumped frotn the electrode 8a in 
the electrode 8b is discharged via lead 8d. Fig. 16 shows the planar cross-section taken 
along arrow line A in Fig. 16. It is seen by referring to Fig. 16 that the lead 8d is contacted 
with outside air (atmospheric air or ambient atmosphere of the mcaswcmcnl gas) for 
conununication between otdside air and the electrode 8b via a diffusion resistance. 

The principle of measuremwit of the NOx sensor shown in Fig. 15 is as explained 
in the cohimn of the prefeiied embodiment. Specifically, controller tenninals are 
electncally connected via leads to respective electrodes of the NOx seosor such that the 
electromotive force corresponding to the oxygen concentration in the nveasuremcnl ga^ 
introduced by diffusion into the first measurement chamber 2 via the first diffiision holes 1> 
is generated across the electrodes 7a, 7b of the oxygen concentration measurement cell 7. 
The voltage applied across the fir.st oxygen ion pumping cell 6 by the difCcrcnlial amplifier 
is controlled so that the voltage produced by this electromotive force will be constant 
(control by the comioDer may be digital control using a micro-computer or analog coalrol). 
As excess oxygen is pumped out, the measurement gas having a pre-set oxygen 
concentration is difi^ised via the second difgision hole 3 into the second measurement 
chamber 4 and the volts^e is applied across the electrodes 8a, 8b of the second oxygen Ion 
pumping cell 8 for fiatber pumping out residual oxygen. NOx is decomposed into N and 
02 by the catalytic action of the electrodes of Pt alloys or rhodium alloys. This O is 
converted into ions and transmitted in the solid electrolyte layer 5-4 of the second oxygen 
ion pumping cell 8 so thai the current corresponding to the amount of the decomposed NOx 
gas flows across the electrodes 8a, 8b of the second oxygen ion pumping cell S. The NOsc 
gas concentration can be measured by measuring thh 1P2. 
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With this NOx sensor, in which the electrode 8b serving as an opposite side 
electrode with respect to the electrode 8a of the second oxygen ion pumping cell 8 in the 
sca)nd measurement cbanAcr 4 is installed in the inside of ihc device (between layered 
solid electrolytes), the solid electrolyte layer 5-4 and the insulating layer 11-3 serve as 
protection means for the electrode 8b, with the lead portion 8d s^ng as diffiision 
resistance means to interrupt the electrode 8b from the atmosphere of the measurement gas 
(exhaust gases) lo prevent it from direct contact with outside air. Moreover, pumped-oui 
oxygen is pooled in the vicinity of the electrode 8b to stabi^ the oxygea concentratbn 
around (in the vicinity of) the electrode 8b to stabtlisrc the electromotive force generated 
across the paired electrodes 8a, 8b of the second oxygen ion pumping cell 8. Moreover, 
since the generated clcclromolivc force is stabilized, the effective pump voltage (Vp2 - 
cicctronootive force) of the pump voltage Vp2 appUed across the second oxygen ion pump 
cell 8 is stabilized to decrease oxygen concentration dependency in the measurement of the 
NOx concentration. 
Manu&cturing Example C 

Next, a raaaufecturing method for a NOx sensor shown in F3g. 15 is explained. Fig. 
17 is a layout view of the NOx sensor shown in Fig. 15. Although the sheet and the paste 
shown in Fig. 17 arc in the green stale, the same reference numerals as those used for the 
NOx sensor shown in Fig. 15 are used. The 2r0 green sheet and the pasie for the electrode 
are layered iBrom tqppcr left to tower lea and then from upper right to lower right in Fig. 17, 
dried and Bred to form an integral sensor. The paste materials, such as insulating coat or 
electrodes, are layered by screen priming on a pre-$et Zr02 ^een sheet The 
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iQanufacturing example of the component parts such as Zx02 green sheet is as dcscnbcd 
before 

Use Example C 

The NOx sensor, thus produced, having a structure as shown in Fig. 15, was 
moimted on an actual apparatus and put to a durability test continuing for 500 hours. The 
structure of the NOx gas concentration sensor is fifce that shown in Fig. 22, while the 
mounting position of the NOx gas sensor is like that shown in 21. The controller 
ODntxolling the NOx gas sensor has a memory in which to store the gain value ((standard 
NOx gas concentration - Oy(generated current volume - o£&et)) of a detection output of the 
NOx gas sensor as set using a model gas evaJuaiion device as later explained (second 
oxygen pump cutrcot). In paiticular, the oBsct values conresponding to various oxygen 
conccniralion values firoiii the oxygen concetitratJon of 0% 10 20.9% (21%) arc stored in the 
memory for cancelling its oxygen concentration dependency. In this manner, optimum 
of&et values are read out based on the oxygen concentration as found firom the first oxygen 
pump current for setting optimum ofi&et values used for calculating the NOx gas 
concentration. 

Two sets of the controllers and the NOx sensors wae prepared and initial 
characterise of NOx gas sensors thneof w«re measured on a model gas evaluatiion device. 
The controllers were adjusted so that, when the analyzer output indicated zero NOx gas 
concentration, the controller detection output corresponding to the second oxygen pump 
current wiU be equal lo zero. These NOx gas sensors were then mounted on an exhaust 
pipe of a gasoline engine with a displacement of 3000 oc, and a 500-hour durability test 

was conducted in a mode shown in Rg. 18, during which the NOx gas sensors were 
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controlled by the respective controllers (numerals aflSxed to the indicattoa of the number of 
revolutioas depict relative opening degree of the accelerators). In one of the controllers, 
the correction method of the emboi&Dent was executed to calibrate the oGset (zero point) 
during fuel cut for the durability mode. In the other controller, the zero point was nol 
calibrated. The calibration method by the formw controller is as follows: 

Thai is, referring to Rg. 19, when the foel cut signal o\Uput from the engine control 
unit (ECU) of the gasoline engine is entered, the value of the controller detection output, 
proportionate to the se«>nd oxygen pump current, is stored as an offset value (0F2) 
corresponding to 02=20.9%. The of&et value (OFl) in the memory, corresponding to 
02=20.9%, is read out to find the difference between OFl and OE2. The resulting "OFl- 
OE2" is subtracted &om the oBEsct value 0FI[02] corresponding (o each ojcygcn 
concentration stored in the memory to give a value (0F[02}-(0F1-0F2)) which is stored in 
the memory as a calibrated new oEfeet value 0F[02]. 

Referring to the results of the durability test, stiowa in Fig. 20, the deteaion output 
of the NOx gas concentration of the controfler of the system according to the calibrated 
embodiment indicated substantially zero change ajter the durability test continued for 500 
hours. Conversely, the output was increased by approximately 400 ppm for the system of 
the comparaitvc exainple for which no calibration was carried out 
FOURTH EMBODIMENT 
An embodiment ui the fourth feature oCthe pres^it invoation is eicplained. 
The sensor shown in Figs. 25 and 26 includes a first oxygen ion pumping cell 6, 
having a pair of electrodes 6a, 6b provided on both sides of a solid clecirolylc layer, un 
oxygen concentration measurement cell 7 having a pair of oxygen partial pressure detcttion 
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electrodes 7a, 7b, provided on both sides of a solid electrolyte layer, and a second oxygen 
ion pumping cell 8 having a pair of electrodes 8a, 8b on both sides of a solid electrolyte 
layer, stacked in this order, with an insulating layer interposed between neighboring solid 
electrolyte layers, respectively. A first measurement chamber 2 is defined by an insulating 
layer and the solid electrolyte layers between the IBrst oxygen ion pumping cell 6 md the 
oxygen conccniration measurement cell 7- Similarly, a second measurement chamber 4 is 
defined above the second oxygen ion pumping cell 8 (see Fig. 25) by the insulating layer 
and the solid electrolyte layers. In the wall surface surrounding the first measurement 
chamber 2 are formed plural first difEusion holes 1 having difi&ision resistance (see Fig. 27), 
and a second diffusion hole 3 is termed at a mid portion, of the first measurement chamber 
2 in a spaced-apart relation firom the 5rsl diffusion holes I. The second diffiwion hole 3 is 
passed through the oxygen concentration measurement cell 7 and the solid electrolyte 
layers for communication between the first and second measurement chambers 2 and 4 
with diSiision resistance. 

The measurement principle of the sensor is as described in the column of the 
embodiment. Specifically, the electromotive force coirespoiuJing to ihc oxygen 
concentratioa in the measurement gas, introduced by diSusion into the first measurement 
chamber 2 via the first diffusion holes 1, is generated across the electrodes 7a, 7b of the 
oxygen concentration measurement cell 7. The voltage applied across the first oxygen ion 
pumping cell 6 hy the diCfiBrential ain|}U6er is controlled so that the voltage produced by 
this electromotive force will be constant (a micro-coroputcr may be used for control). As 
excess oxygen is pumped out, the measurement gas having a pre-set ojcjrgen concentration 
is diffused via the second diffusion hole 3 into the second measurement chamber 4, and a 
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voltage is applied across the electrodes 8a, 8b oC the second oxygen ion pumping cell 8 for 
further pumping out residual oxygen. NOx is decomposed into N2 and 02 by the catalytic 
action of the electrode of rhodium alloy. This 02 is converted into ions and transmitted in 
the solid electrolyte layer of the second oxygen ion pumping cell 8 so that the current 
coire^nding to the amount of the decomposed NOx gas flows between the electrodes 8a, 
8b of the second oxygen ion pumping cell 8, The NOx gas concentration can be measured 
by measuring this IP2. 

As shown in the layout drawing of Fig. 27, this NOx gas sensor is fiibricated by 
stacking and firing green sheets fonned of an oxygen ion conducting solid electrolyte 
material. On the other hand, ponjus electrodes are formed by screen printing in the green 
sheet 

Using this NOx gas sensor, a test for measuring the NOx gas concentration in the 
measurement gas was earned out. Refening to Bg. 28, a manufacturing example and the 
layout of the NOx gas sensor used for measurement arc explained in detail. 
MANUFACTURING EXAMPLE 

Refenring to Fig. 28, Zr02 green sheets and pastes for cltsctrodes and so forth are 
laminated £rom upper left to lower left, then to upper right and finally to lowex ngjst to 
fabricate a unitary detector. Insulating coatings, electrodes or the IBcc paste materials are 
laminated by screen printing on a pre-set Zr02 green sheet. A manufacturing example for 
manufacturing various components such as Zr02 green sheet is now explained. 
Molding Zr02 Sheet 

Zr02 powders were calduaed in. an atmospheric oven at 600*^0 for two houurs. 30 kg 
of the calcined Zr02 powders, 150 g of a dispersant and 10 kg of an organic binder were 
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charged inlo a trommel along with 60 kg of balls. The resulting mass was mixed for about 
50 hours for dkpersion and added to with 4 kg of aa organic binder dbsolved in 10 kg of 
an organic solveat The resulting mass was mixed for 20 hours to produce a slurry having 
a viscosity of 10 Pa«s. From this sluny, a Zjr02 green sheet about 0.4 mm thick was 
fabricated and dried at lOO^C for one hour. 
Paste for Printing 

(1) Ebr first oxygen ion pump electrode 6a, an oxygen partial pressure detection 
electrode (oxygen reference electrode b) 7b and second oxygen ion pump electrodes 8a, 8b: 
20 g of platinum powders, 2.8 g of Zjc02 powders and a siutable quantUy of the organic 
solvent were charged into a crusher (or a pot mill), nibced for four hours for dispersion and 
added to whh 2 g of an organic binder dissolved in 20 g of the organic solvent. The 
resulting mass was added to with S g of a viscosity adjustment agent and mbccd Cor four 
hours to produce a paste with a viscosity of the order of 150 Pa*s. 

(2) For first oxygen ion pump electrode 6b, oxygen partial pressure dctcaion 
electrodes (oxygen reference electrode a) 7a: 19.8 g of platinum powders, 2.8 g of Zr02 
powd«s, 0.2 g of gold powders and a siutable quantity of the organic solvent were charged 
into a puh^erizer (or a pot mill), mixed for four hours for dispwsion and added to with 2 g 
of an organic binder dissoh^ in 20 g of the organic solvent The resulting mass was 
added to with 5 g of a viscosity adjustment agent and mixed for four hours to produce a 
paste with a viscosity of the order of 150 Pa«s. 

(3) For insulating coats and protective coats: 50 g of alumina powders and a 
suitable amount of the organic solvent were charged into a pulverizer (or a pot mill) and 
mixed for 12 hours for dissolution. The resulting mass was added to with 20 g of a 
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viscosity adjustraeni agent and mixed for three hours to &bt?catc a paste wUh a viscosity of 
the order of 100 Pa*s. 

(4) For Pl-containing Porous Materials (Lead Wres): 10 g of alumina, 1.5 g of 
platinum powders, Z5 g of an. orgajuc binder and M g of an organic solvenl were charged 
into a pulverizer 9 or a pot mill) and mixed for four hours. The resulting mass was added 
to ^with 10 g of a viscosity adjustment agent and mixed for fovir hours to febricate a paste 
with a viscosity of the order of 100 Pa»s- 

(5) For first dif£iision hole 1: 10 g of ahunina powders having an average grain size 
of about 2{jim, 2 g of an organic binder and 20 g of an organic solvent were charged into a 
pulverizer (or a pot mill) and mixed for four hours. The resulting mass was added to with 
10 g of a viscosity adjustment agent and mixed for four hours to fabricate a paste with a 
viscosity of the order of 400 Fa»s. 

(6) For carbon Coat: 4 g of carbon pawdcrs, 2 g of an organic binder and 40 g of an 
organic solvent were charged into a pulverizer (or a pot mill) and mix«d for dispersion. 
The resulting mass was added to with 5 g of a viscosity adjustmcnl agent and mixed for 
four hours to fabricate a paste. By fbrming the carbon coat by printmg, electrical contact 
between electrodes, for example, can be eUrainated. The carbon coat is used for forming 
Srst and second measurement chambers. Since carbon is burned off during firing, there is 
no carbon coal layer in the sintered body. 

For Second Dii^ion Hole 3: 20 g of alumina powders, with a mean particle si^e of 
about 2 pim, 8g of an organic butd^ and 20 g of an organic solvent were charged into a 
pulverizer (or a pot mill) and mixed for one hour. The rcsultmg mass was granulated and 
pressed by a metal mold press under a pressure of approxiniately 2 \/ca? to fabricate a 
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press-molded product (in the green state) in the from of r column 0.8 mm tBck with a 
diameter of 1.3imn. This press-molded product in the green state was inserted into a pre- 
set point of green sheets of the second and third 2jQ2 green sheets and press-bonded 
together. TThe resulting product was then fired to foiro the second diffijsion hole 3 in the 
gas sensor. 
Laminating Zr02 

After pressure bonding the second and tWrd layers, a portion to be passed through 
by the second di£Guston hole 3 is punched. After this puncluag, a green coluznnar-shaped 
molded product, which serves as the second diEfiision hole 3, is embedded, and the third to 
fourth layers of Zx02 green sheets are pressure-bonded together under a force of pressure 
of 5 kg^cm^ for a pressing time duration of one minute. 
Binder Removal and Firing 

The pressure-bonded molded product was fired at ISOO'C for ooe hour after 
removal of the binder at ACXfC for two hours. 
Example of Measurement 

A NOx gas sensor having the following size was fabricated in accordance with the 
above-described manufacturing example. A NOx gas concentration measurement test was 
oonducied by controlling the gas sensor as ^wn in Fig. 25. The NOx gas sensor used for 
measurement is of a longitudinal length of 50 mm, a width (short-side directioa) of 4 mm 
and a thkikness (laminating direction) ot 1.3 mm. The first oxygen ion pump cell is of a 
thickness of 0.3 mm, while the electrodes 6a, 6b is of a longitudinal length and a short-side 
length of 7 mm and 2 mm, respectively. Tl\e first measurement chamber is of a 
longitudinal length and a short-side length of 7 mm and 2 mm, respectively, with a height 
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hciag SO (im. The second measurement chajnber is oCtho longitudinal length and a sbon- 
side length of? ram and 2 mm. respectively, with a height being 50 \im. The Qrsl diffiision 
hole is of a )ongitudinaJ length and a short-side length of 2 mm and 1 ram, respectively, 
with a thickness being 50 jun. The second diffiision hole is of a diameter of 1 mm. 

From the value of the first oxygen ion pump current of the NOx gas sensor, that is 
from the amount of oxygen in the exhaust gas, the amount of moisture in the exhaust gases 
was estimated, and conrectiott was made of the value of the gas concentration obtained 
from Ihe gas conwntration detection signal of the gas sensor, that is the value of die caneat 
flowing in the second oxyg^ ion pumping cell 

la the NOxgas concentrailon measurement test, the NO gas was sent via an exhaust 
gas duct of a vehicle carrying a 2000 cc diesel engine, under varying load conditions on the 
chassis, and outputs of a NOx gas concentration sensor and an analyzer mounted about tm 
downstream were osropared. The analywr used was "FT-IR" (manufactured by HORBBA) 
capable of measuiing the amount of the moisture. A. controller was connected to the NOx 
gas sensor so that correction of the NOx gas sensor (electric current value of the second 
oxygen ion pumping cell, the NOx gas concentration detectfc>n signal) by a pre-sct 
correction amount and the NOx gas concentration (ppm) could be obtained responsive to 
the first oxygen ion pump electric current value of the NOx gas sensor. The schemaiics of 
the measurement system is shown in Fig. 30. 

For setting the conrectfon amoxmt of the current flowing in the second oxygen ion 
pumping cell of the NOx gas sensor (second oxygen ion pump eurrcm), a test was 
conducted in advance using a model gas test device. With ihc gas sen^r, used for 
measurement, current outputs of the first oxygen ion pump current of 0.5 mApcr 1% of the 
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oxygen concentration and the second oxygen ion pvmp current of 1 per 100 ppm of the 
NOx gas concentralion were obtained, with an output increase being 0.6 |iA (second 
oxygen ion pump current) per 1% of moisture. Fig. 29, which is a graph Ulustrating the 
effect of the moisture on the NOx gas concenlraiiou detection output of the NOx gas sensor 
according to za embodiment of the present invoition, shows the relation between the 
amount of the moisture and the output increase of the gas sensor. The parameters derived 
from these results, that is the first oxygen ion pump eleclric current vahie and correction 
data of the second oxygen ion pump current conresponding to Ihe first oxygen ion ptimp 
current value (coixection coefficients and correction parameters) were entered as a map to a 
memory loaded on a coniroUcr so that the NOx gas concentration outputted by the detector 
could be corrected depending on the moisture content. 

As the amount of the moisture, calculated values as found from the oxygen 
concentration in the ejdiaust gases for the assumed complete combustion were used. Table 
8 and F5g. 31 show the calculated values and the relation between the amount of moisture 
(calculated values) and the oxygen concentration. The excess air ratio "k means the ratio to 
the theoretical air quantity necessary for fiiel combustion (A) of the actually supplied air 
quantity (B) (B/A). For example, X. = 1^2 means that air is in excess by 20% as compared 
to the theoretical air quantity required for complete oimbustion. Since the oxygen 
conccniratbn and the amount of the moisture are proportionate to each other as shown in 
Fig. 31, the amount of the moisture can be estimated from the electric cuneni value A2 of 
the first oxygen ion pumping cell proportionate t» the oxygtti concentration (sec Fig. 25). 
Insert Table 8 
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In tlsrec engine loading conditions (see Table 9), the NOx gas concenlrition 
obtained based on detection signals output by the NOx gas sensor (corrected value and 
non-corrected value) and the concentration of the NOx as output by the analyzer (true 
concentration) were compared to each other as the concentration of the injected NOx gas 
was varied. The results are shown in Table 10, Figs. 32 and 33. Fig. 32 and Kg. 33 plot 
the non-corrected NOx gas sensor output and the analyzer output and the corrected NOx 
gas sensor output and the analyzer outpm, respectively. 

Insert Table 9 



Insert Table 10 



Referring to Rg. 32, in the absence of the correction by the amount of the moisture, 
the oSset is varied, although the sensitivity is not aJOfecied, with tlie gas sensor oxupui 
differing with a difference in the load conditions. Therefore, the NOx gas concentration 
output by Ihc gas sensor cannot indicate true values depending on the load conditions. 
Thus, the NOx gas concentration output by the gas sensor foils to indicate true values 
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dcpeJOidisig on tbe load coaditioxxs. Conversely, should coxrectioa be mtidc T>y the tnoistuxe 
q^uemtity, the corrected gas eeaeoc output aud Lhc ansdyzer output (cotreepoading' to the 
true NOx gas concentratioa) coixidde wilh each other without regard to the load conditions 
(three lines is. Fig. 33 overlap thub- indicating substaixtiaQy coioddence bet«7een the NOx 
sensor output value and the analyzer output value). Thus it is seen that, by correction, 
fihe NOx gas concentration in the exhaust gas been obtained accurately. Although the 
amount ot vapor in air is small as coooipared go the amount of exhaust gases and hence has 
no significant eClects, t^e concentration of the moisture before enterit^ the engine can be 
measured Ibr achieving a higher accuracy. 

FIFTH EMBODIMENT 

Fig. 34 $how% an embodiment of a seioAor as^mbly in which a NOx gas sensor 
device according to the present invention is assembled in a metal shell (main metal tixture). 
This eeneor assembly is so secured that a lower portion of tibie sensor device formed with an 
inlet for the measurement gas is located in a protector having holes. Aheater l«5 annexed to 
the sensor device, extending along its length. An outer portion of the heater annexed to the 
sensor device coaled with a sealing material . The sealing material (for a sensing portion 
of the sensor device) is of a porous material to permit passage of a gas. The sealing 
material for being i»cured in the metal Bxture is of an air-proofing raatRrial. A holder is 
provided on an outer peripheral side of ibe waling material, and a stainless steel material 
and a talc material are endased between the holder and tbe main metal shell for a film 
securing. A caulking force is applied in the axial direction for stably holding the sensor 
device in the assembly. Extending from the metal shell, a first outer tube and a second 
outer tube ate assembled coaxiaUy and retained relative to each other. The first outer tube 
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Is exteaijed into and retained by tJde metal shell. Witibin (lie second outer tube, wacer- 
proofijDg rubbec is sealed. An electrode formed oo tiic Honeor ie electrically coaoected, via na 
electrode lead, to an end of a sheatihed lead wire with, the opposite end connected to a 
electxonic control circuit. 

SDCTH EMBODIMENT 

P^s. 35A to 35D iJInstrate a NOx gas coaacentration sensor according to an 
embodiment of tiie present invention. Fig. 35A is a onoss-sectional view taken along the 
longitudinal direction. Fig. 35B is a plan view of the first measurement chamber, Fig. 35C 
ifi a scbematic enlarged cross- sectionaL view of the ^st measurement chamber and Fig. 
85D in a plan view of tJbe second meaeurement chamber. The seneoc shovm in Figi>. S5A. to 
S5D includes a layer of a first oxygen ion pumping cell 66 having a solid electrolyte layer 
and electrodes 66a (positive electrode), 66b (negative electrode) provided on both sides of 
the solid electarolyte layer, a layer of an oxygen concentration me.asurement cell 67 having a 
solid electrolyte layer and oxygen parfial pTess\*re detecting electrodes provided on both 
sides of the solid electrolyte layer, a solid electrolyte layer, and a layer of the second ox:^en 
ion pumping cell 68 having a .solid electrolyte layer and oxygen iozn pump electrodes 68a, 
68b provided within and outside the second measurement chamber 64 formed on one sides 
of the solid electrolyte layer, layered in this order. The Curst measurement chamber 62 is 
defined by left and right insulating Iayer.«) and upper and lower solid elecixolyte layers, 
while the second measturement chamber 64 i.«{ defined above the layer of the flecoad oxygen 
ion piunping cell 68. Two first diffusion holes 61. 61 are opened, apart firom each other, to 
the fijr.^t measurement chamber 62 for introducing the measurement gas via a diffusion 
resistance. The second dilCusion hole 63 is passed through the layers of the oxygen 
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cottceatration measxacemcat; cell 67 and the solid electcolytc layer for establishing 
communicatioa between the 6Lrst and aecoad xnsasutemeixt chajoabera 62, 64 to supply a gas 
contAining at leaet NOx and 02 from the first measuuremc&t chamber 62 via a dilEueioa 
resistance o£a sensor difiusion hole 63 into the ssecond measurement chamber 64. 

Befcweea the layers of the solid electoilyte are formed alumina insulatbag layers. 
Although not ahown, heating layers for heating the entire sensor are bonded wi£h a cement 
layer for sandwiching the entibre sensor in the stacking direction. The electrodes are 
connected via leads formed between the layers to outside ot the sensor, such as to a power 
source. 

Referring to Fig. 35D, the elecixodes 7{}a, 78b of the second oxygen ion pumping ccU 
68 are elecCricaUy connected to leads 78c. 78d. 

One of the features of the present invention is that the first measurement chamber 
62 and the second measurement chamber 64 are arranged in subsfcantially supetposed state 
and that the first diffusion holes 61, 61 are formed on both eides of the sensor, instead of on 
its distal end, with a porous material being charged into the second diffusion hole 63, an 
insulating film being arranged between the solid electrolyte layers and with the electrodes of 
the cells being insulated from one another. The second measurement chamber 64, defining 
a void, may be charged with a porous material. 

As compared to flie sensor of Fig. 36, wbich is a comparative example with respecx . 
to the isenfior of F^k. 35A to 35D, the eensor of Pige. 35 A to 35D is chaisicterized by that thei 
lengths of the eledtodes 66b in the first oxygen ion pump current 66 as meastured in a 
direction along die flowing direction of the measurement gas flowing Erom the first diffusion 
hole 6 1 toward-s the second diffusion hole 63 is shorter than the longitudinal lei^tih of the 
first measurement chamber 62 (A>B). The mner electrode 66b is not Ibrmed to the 
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pObitioflL directly above the fiecoud difftisioa bole 63. 

By the decErod© €6b of the firftt oxygen pump cell 66, beJag sfcorter in lengtK, the 
oxygen concentratioa fnradieac ia tiic first measurement chamber 62 in particular in the 
measurement gas flow directiioa proceeding £:om a first diJSusioa apertore Cportioo) 61 
towards a second difiasion aperture (portion) 6S is lowered. That is the oxygon 
concentration difiFerence firom one to the opposite end of the electrode 66b is reduced, while 
the electromotive force generated at the distal end portions of the electrode 66a, 66b is 
supproeeed, as uhowa in Fig. 35C. Moreover, with suppression of tlie eJectro-motive force 
geneirated in the electrodes 66a, 66b, €a6 first or^^gen pumping cell voltage Vpl is reduced for 
reducing the temperature dependency and oxygen coocentrat^oo dependency in the NOx gas 
coxjceaiaration moaRuroment. This diecbsoft an important deaiga rule for making a most 
preferred sensor. 

This effect is brou^t about by the fact that tJhe first axy^sa pompiiog cell voltage 
VplrcQuixed Ibr pumping oat excess oxygen is lowered so tibiat there occurs tu) difasociation or 
de<X)tnpof5ition of the NO gas other than that by ojcygen p\xmping-out in iihe first 
measuzement chamber. Specifically, the NO gas flowing into the second measurement 
chamber is not too decreased to prevent the Ip2 &om beis^ too lowered. 

The NOx gas concentration was measured lunng the embodiment shown in Figs. 
36A CO 351) and a sieneor of the comparative example a«? shown in Fig. 36. The sensor of the 
embodiment was of a longitudinal length of 50 mm, a widt^ <^hor t side len^h of 4 mm and a 
tisickness Qn the stackix^ directioiO was 1 .3 mm. The first vx^n ion pump cell 66 was 0.3 
mm in liuckness, while the electrodes 66a, 66b were of a long).tud\nal len^ Aof 8 mm and a 
longitudinal length B of 4 mm and a short-side leagth of 2 mm. The first measurement 
chamber 62 was of a bngitudinalbngth. Aof 7 mm, u short-side length of 2 tarn and a height 
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of 50 mm. Tlie first difi&isioa hole 61 w^is oC a longLtudinal length of 50 m, whUe the fiecond 
diffusion hole 63 was of a size of I mm and a distajjce from ihe end (right-hand end) of Uxe 
fixot di£Fuaion hole 61 equal to 5.5 mia. Tha eeDfxvc of the comparative example (Pig. 86) ie of 
the same size as the sensor of the embodiment except that the loagitudinal dze of the 
clocttodcs 46a, 46b is 7 mm (A,=5). 

Gtenerally. the NOx coucentcatioa in the gas is determined based on the following 
phenomenon: Namely ahnosC N02 will be deemed to be dissociated into NO and 1/202 in a 
gas atmosphere of high tempetature, e.g., at SOO'C under normal pressure in which a very 
Email ammmt of N02 in an amount of e.g^ 0.1% (1000 ppm) is present together with other 
gases, thuA which is deemed to be equivabnt to the presence of 0. 1% of NO. 

The mesEurement is carried out basically under the following principle. 
(1) At a high temperaturs (700^0 or above), th.9 axoowt of NOs conbuaed sa aJNfOx is 
dissociated into oNO -t- ii/20i.s, and subjected tx> removal of the generated n/2 O, v. 
(?) nNO of step (1) is dissociated into tt/2 N2 + n/202. 

This n/2 02 is trammiitted as oxygen ion through the oxygen ion conductor Co 
measure a current caused by the oxygen ion transmission, through which a value 
proportionate to the current is obtained. Namely, by determining n of NO, the amount of 
NOx can be determined 

Ideally the sensor should forward i2ie NO generated at stop (!) without subjecting 
to decompositLoa. However, a cedxin acoovnt of disflociafaon of the generated NO at step (1) 
may occur even imder 1hi& best suited coaditioas dissodatioa rate between NO aod (N-fO) is 
governed by influences of various parameters* such as the applied voltag« at litep (1) and 
materials and dcdgo/coufiguration of the electxodes. Thereibre, it is almost preferred to 
compensate for substantial deoompositioa of NO in the step (1). Typically; the composition 
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can be performed by the iuvereo of the diseociatioa rat» of NO ixxco (N 0) (o.g.. 60 to d5*/4). 

Generally the method foe dcteruiiauog NOx cooceatracion io a nveaaurenxeat gas in 
carried ouC as follows. The determination of the KOx coaceatratioa is carried out under a 
varying (x>aditioBL of the NOx gas coacentratiozi m l^e measxirement gas in tiie course that 
the measurement gas Is allowed to travel Ouough a flow channel facing a ceramic body 
having an electrically controllable conducting state of oxygen ions. The method oompti^ 
the following steps: 

(i) introducing the measurement gas into tiie flow channel; 

forming in said How chaxmel a residual gas having a NOx concentratioa di^ent 
from that before entrance into said flow chaxmel by extractiug axx oxygen gas ficom the 
meatiUTeineat ot step 0) iihxough the ceramic l>ody to outaide of tlie flow chaanel; 

(3) dissociating NOx of said NOx-concentrated residual gas into nitrogen and 
oxygen by applying a voltage acjross electrodes formed on the ceramic body ; 

(4) measurii]^ an electric current flowing through die ceramic body between the 
electrodes, said electric current beir^ generated by the electrochemical action of the ojq^n 
dissociated fcom NOx in step (3); and 

(€) determining a baac NOx concentration of the measurement gas, based on the 
electric current meaimred in seep (4). 

In seep (I), the flow of the gas into the flow channel is restricted. Between steps - 
and (3). the Qow of the residual gas to the otectrode oE the step (3) ie restricted, too. 

The Sow chaxmel may comprise a first flow channel and a second How channel 
coDomunicating with the first Qow channel. The formation of the residual gas of step (2) is 
performed in the firnt flow channel, and wherein NOx in step (3) is dissociated in the second 
flowclianneL 
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la step 09 the residual gas may be focmed under the cooditioa that allows ajad 
cotopexxsaies for sutistajatial clccomposltioa of NOx in the Qow chajcvoel 

Itt step (3) if the valtA^e. ifi applied so as to di<5Sociate H3O. appropriate coricectbn 
should be done. However, in t,tep (3), the voltage may be applied to an extent that does not 
substantially dissociate H^O in the residual gas. 

Furtiier modijBcations are possdble generally an follows. 

[f a pre-set minor current is allowed to flow in the oxj^en concentration 
measuremexKC cell, its electrode may be used as an auto-generatingr refeeence pole. The 
merit of dxis auto-generatixiig reference pole is that the reference o^cj^en conoenoratton is less 
susceptible to changes in oxygen coocentratioa in air. 

la the electrode stnictuze, Au components may be carried by particles relatively 
coarser than the Au particles (that is sdrcooia particles a^ main electxode components) so that 
tihe Au components are dispersed finely. By adding a component carried by a catalyst 
adjustment method on the powders of an oxygen ion conductive aolid olectrolyte, in addition 
to the porous powders, suck as Pt powders, the interlace resistance generated across 
particles is lowered to improve the oxygen expelling capability- For exaniple, one or more of 
Au, Ag, Ni, Mn, Co, Cu, Ba, Wfe Ca, Na, K and LA may be selected and used as NOx 
dissociatton suppressing capabihiy, other than fine Au partacles, as film, if bo desired. 

Varjk>us aspects of the present invention can be exploited under the general method 
for meaeuriog the NOx concentkratioii. Further modification of the various ae9E>ects and 
embodunents of the present invention can be made in viewof other technologies not disclosed 
herein as fiar as the basic conx»p{s of the various aspects? of the present invention are 
applicable. Particxdarly, combuoations of any two or more aspects and/or embodiments axe 
available wititin the entire disclosure of the present invention. 
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It should be noted modUkutioos obvioxui in the azt can be made without departing 
Che gi^to and concepts as herein disclosed within the scope of the clainxs as appended. 
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